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DECLARATION OF RICHARD LERNER, M.D., UNDER 37 C.F.R. § 1.132 

I, Richard Lerner, hereby declare that: 

1 . I was educated in the biomedical sciences at Northwestern 
University and at Stanford University where at the latter, I received a B.S, and an M.D. 
degree. I interned at the Palo Alto Stanford Hospital and was a postdoctoral fellow in 
experimental pathology at the Scripps Clinic and Research Foundation. For the next 
thirty years, I have held various scientific positions at the now Scripps Research Institute, 
the world's largest, private non-profit biomedical research facility. During this time, I 
also held administrative leadership positions at Scripps, the most prominent being 
chairman of the Department of Molecular Biology from 1982-1986 and then president of 
the Scripps Research Institute. I have conducted research for over thirty years and am the 
author or co-author of over 370 published scientific articles in biomedical science. Many 
of the publications from the late 1980s and early 1990s deal with issues of antibody 
specificity and antibody expression. I have been a member of the editorial board of more 
than 10 scientific journals and have been an official reviewer for hundreds articles 
submitted for publication. A brief summary of my accomplishments and a recent copy of 
my Curriculum Vitae is attached as APPENDIX 1 . 
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2. I am generally familiar with the work disclosed in the above- 
captioned patent application and am aware that claims from this application have been 
rejected by the Examiner as allegedly being obvious over a dissertation by Klaus During 
("the During dissertation") of the University of Koln, FRG, carrying the date of July 
1988. I am also familiar with the During dissertation (attached as APPENDIX 2)/ which 
is poorly organized and quite difficult to read. My previous review of this document has 
been extended both in terms of scope and depth in order to assist the Examiner in 
evaluating During's alleged achievements from the perspective of the ordinary skilled 
artisan at the time period between the alleged publication date of During (i.e., July 1988) 
and what I have been informed is the earliest filing date of the above referenced patent 
application (i.e., October 27, 1989). Thus, before discussing the During dissertation, I 
will review the state of the art of immunoglobulin expression prior to October 27, 1989. 
As my analysis will demonstrate, there existed at the time of During a significant 
prejudice in the art against the possibility that plant cells were capable of processing and 
assembling an immunoglobulin with antigen specificity (i.e., an antibody molecule). 

I. There was a significant prejudice in the art against the possibility that plant 
cells could successfully process and assemble an immunoglobulin with 
antigen binding specificity around the time of the During dissertation (i.e., 
circa 1988/1989). 

3. It was commonly known prior to October 27, 1 989 that antibodies 

were naturally the product of specialized mammalian cells known as lymphocytes. It was 
also known that only a subset of lymphocytes, the B cells, produced antibodies. Natural 
antibodies comprise a four chain structure made up of two identical heavy chains of about 
50,000 daltons each and two identical light chains of about 25,000 daltons each. It was 
appreciated by the early 1980s that the biology of antibody expression was complex and 
varied with the maturation state of the B cell. For example, it was known that the heavy 



1 The English translation which I reviewed bears the name "Ralph McElroy Translation Company, 
910 West Avenue, Austin Texas, Job No. 1596-81522." All reference to pages in During are to this English 
translation. 



Attorney DTOket No. : EPI3007B 
(formerly 184.2C2) 

and light chain genes were inherited as non- functional gene segments and that only 
functional heavy and light chain genes were formed by rearrangement in B cells. It was 
further appreciated that rearrangement of the heavy chain gene preceded that of the light 
chain gene and that in the earliest member of the B cell lineage, the pre-B cell, only the 
heavy chain gene was rearranged. Thus, in the pre-B cells, the heavy chain was produced 
intracellular^ and was not transported to the cell surface or secreted. In young B cells 
where light chain has been productively rearranged, the light chain was synthesized along 
with the heavy chain and a full-sized immunoglobulin is formed and expressed on the cell 
surface. When young B cells encounter foreign antigen and receive the proper signals, 
the B cells mature into a plasma cell, which secretes or exports antibody to the 
extracellular medium. 

4. This story of antibody expression in B cells is further complicated 
by the involvement of an additional protein called binding immunoglobulin protein or 
"BiP", discovered in the early 1980s. BiP is located in the endoplasmic reticulum of B 
cells and binds to heavy chain produced in pre-B cells. In young B cells, heavy chain also 
binds to BiP, but in the presence of light chain, the heavy chain is released from BiP and 
the two chains form a fully assembled antibody which is then exported to the cell 
membrane. 2 It was also known that unlike the case in pre-B cells, heavy chain production 
in the absence of light chain production was often fatal in mature B lymphocytes, a 
phenomenon known as heavy chain toxicity. 3 Heavy chain toxicity was recognized by the 
absence of myeloma cell mutants that produced heavy but not light chains. Prior to 
October 1989, is was not clear why heavy chains were toxic to B cells. 

5. Thus, it should be apparent from this review that by the later 
1980s, immunoglobulin expression in B cells was regarded as a highly developed 
phenomenon which involved a complex interplay between heavy and light chain and 
other cellular proteins (e.g., BiP) which orchestrate the processing and export leading to 
secretion of immunoglobulin at various B cell maturation stages. Consequently, it was 

2 See e.g., Bole et al., J. Cell Biology, 102:1558-1566, 1986, APPENDIX 3; Hass et al., Nature 
306:387-389, 1983, APPENDIX 4. 

3 See e.g., Hass et al., Proc. Natl. Acad. Sci, USA, 81:7185-7188, 1984, APPENDIX 5, (p.7185, 
left column). 
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commonly believed during the early to mid 1980s that immunoglobulin production was a 
highly specialized function that could only occur in B cells of mammals. As one author 
wrote: 4 

Because immunoglobulin production is a specialized 
function of cells of the B-lymphocyte lineage, it is expected 
that the conditions for proper Ig gene expression will be 
provided only in appropriate immunocompetant cells. 

Such views were commonly held and reflected a prevailing strong prejudice through 
much of the 1980s against the possibility of using non-B cells to express antibodies. 

6. As the commercial value of monoclonal antibodies became 
evident in the late 1970s and early 1980s, emphasis was placed on producing these 
antibodies through recombinant expression so that improved features could be engineered 
into the antibody molecule. Naturally, much effort was directed to achieving recombinant 
expression of antibodies in transformed B cells. However, a few individuals attempted to 
express an antibody in microorganisms that were previously used for expressing foreign 
proteins. Initial attempts to achieve heavy-light chain assembly in E. coli bacteria in the 
early 1980s were unsuccessful. 5 In 1988, Better et al. obtained heavy- light chain 
assembly in the periplasmic space of E. coli by placing DNA encoding a bacterial signal 
sequence 5' to the mature sequence of the light and heavy chain encoding DNA. 6 In 
1985, Wood et al. demonstrated synthesis of a heavy and light chain, cleavage of the 
signal sequence and assembly into an antibody in extracts of the yeast, Saccharomyces 
cerevisiaeJ It was noted, however, that the yeast did not secrete active antibody into the 
culture medium and the majority of the antibody was in an insoluble fraction. 



4 Ochi et al, Proc. Natl. Acad. Sci. USA, 80:6351-6355, 1984, APPENDIX 6. 

5 See Boss et al., Nucl. Acids Res. 12:3791-3806, 1984, APPENDIX 7; Cabilly et al., Proc. Natl. 
Acad. Sci. USA, 81;3273-3277, 1984, APPENDIX 8. 

6 Better et al, Science 240:1041-1043, 1988), APPENDIX 9. 

7 Wood et al. Science 240:1041-1043, 1988, APPENDIX 10. 

8 Id. at p.448, right column. 
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7. Despite the fact that some reports demonstrated antibody assembly 
in bacteria and yeast, it is my opinion that this would not have reduced the prevailing 
prejudice in the art that existed up to October 27, 1989 with respect to antibody assembly 
by plants. This is because plant cells were understood to be distinct from both 
mammalian cells and single cell microorganisms. For example, many differences 
between animals and plant cells were known, as summarized in the in the following 
commentary: 9 

However, in addition to their photosynthetic capacities, 
plants show important differences from animals that extend 
to the cellular level: For example, that vascular system of 
higher plants carries water, minerals absorbed by the roots, 
and carbohydrates being transported from sites of synthesis 
in green tissues to sites of use or storage. A variety of 
small molecules are also translocated including hormones. 
Unlike in higher animals, the extraceulluar fluids of the 
vascular system are not rich in macrmolecules, nor is there 
an abundant population of circulating cells. Paralleling 
this, plant cell are surrounded by walls, into and out of the 
cells but severely restrict access of larger molecules to the 
cell surface and also limit the interactions of adjacent cells 
with one another. As with bacteria, the walls provide 
mechanical support so that plants can grow in fresh water, 
and multicellular forms can circulate a relatively dilute 
solution; the cells can resist osmotically induced pressures 
without bursting. These characteristics, plus the presence 
in the plant of vacuoles controlling ion distribution within 
the cell, produce balances of ion and water movements that 
can be quite different from the ones usually found in animal 
cells. 

Although some procaryotes and fungi also have cell walls, plant cell walls are more 
complex and variable, providing additional functions not present in cell walls of other 
organisms. Furthermore, processes Underlying signal sequence processing and protein 
secretion also were understood to be different between mammalian cells and plant cells. 10 



9 See Holtzman et al, Cell & Organelles, 3 rd ed. 1984, CBS College Publishing, p.357-360, 
APPENDIX 11. 

10 Duong et al, J. Biol. Chem. 262:6328-6333, APPENDIX 12 , 6328-6329 ("Furthermore, the 
biological properties of one of the synthetic peptide analogs reveals differences in the nature of the 
mammalian versus the plant secretory apparatus.")- 
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In addition, at the time of the During dissertation, it had not been demonstrated that plant 
cells contained a BiP protein or an analogue that would function equivalently. 1 1 My 
analysis, therefore, convinces me that a person of skill in the field of immunology or 
protein expression would have been prejudiced in the time frame up through October 27, 
1989 against the possibility that plants could be used to assemble antigen binding 
immunoglobulins, despite the fact that success was observed in a few selected examples 
of unicellular microorganisms. 

8. It should be apparent from the above that there was a sound basis 
for a real prejudice in the art against using plants to produced a processed and assembled 
immunoglobulin which is antigen specific around the time of the During dissertation 
{circa 1988/1989). Were this not the case, then Applicant's invention clearly would not 
have been roundly hailed in both the scientific literature and in the general press as a 
significant scientific discovery and medical breakthrough. Because of this prejudice, 
the ordinary skilled artisan in 1988/1989 would have shown a good deal of skepticism 
when evaluating evidence supporting a claim of successful antibody assembly in plant 
cells and would not be convinced unless the proof was well founded. As will be 
discussed below, the proof supporting During's claims of successful immunoglobulin 
expression in plants is far below what was needed to overcome the prejudice in the art 
and reasonably convince one of ordinary skill that plants could be used to process and 
assemble an immunoglobulin with antigen binding specificity. In fact, During's antibody 
expression results are so contradictory and uncontrolled that they would not have been 
convincing even if there were no prejudice in the art. 

II. The strategy for light chain and heavy chain expression adopted by During is 
different from that disclosed by the patent application in question. 

9. The During dissertation describes an attempt to co-express the 
heavy and light chains of an IgM antibody known at B 1-8 in plants. His strategy was to 



11 See Mierynk et al., J. Cell Biol, 197:abstract No. 4333, 1988, APPENDIX 13 (titled "Is there a 
BiP-like protein in the endoplasmic reticulum of plant cells?"). 

12 See Cover page for Nature, volume 242(6245) and article published in the Los Angles Times 
(San Diego County), November 2, 1989 (both attached as APPENDIX 14). 
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encode a leader sequence in front of the codons for the mature antibody chains. For the 
heavy chain leader, he introduced nucleic acid encoding the barley alpha amylase signal 
sequence directly in front of (5 5 to) the DNA encoding the amino terminal end of the 
heavy chain. 13 During used the same amylase signal sequence for the light chain, but this 
time he included nucleic acid encoding three additional amino acids (Gly-Ser-Met) 
between the DNA encoding the leader sequence and the DNA encoding the amino 
terminus of the light chain (Id.). During, therefore, chose two distinct strategies for 
expressing each immunoglobulin chain. 

10. The additional amino acids that would, through During' s strategy, 
be encoded at the 3' end of the Bl-8 light chain leader sequence were unusual in the 
context of known eukaryotic signal cleavage sites. At the time of During' s dissertation, it 
was not clear what effect additional amino acids at the end of a leader sequence would 
have on final processing of the leader. Studies by the present Applicants as well as others 
in the art indicate that by introducing the amino acids Gly-Ser-Met between the C- 
terminal end of the leader and the first amino acid of the mature kappa chain, the structure 
of the potential cleavage site is altered. 14 

11. It is now clear from the art that mutations introduced in the vicinity 
of a cleavage site can adversely influence signal processing. This conclusion is based on 
analysis of many scientific reports, which address: 1) naturally occurring cleavage sites, 15 
and 2) the effect of mutation on the function of a cleavage site. 16 During's strategy to 
include two polar amino acids (Gly-Ser) followed by a methionine residue to the cleavage 
site for the light chain leader likely obscured substrate recognition by disrupting structural 
determinants required for processing activity. 17 



13 During dissertation, APPENDIX 2, pi 8, top of page. 

14 See Nielsen et al., Protein Engineering, 10:1-6, 1997, APPENDIX 15 (see abstract). 

15 See references in APPENDIX 15-23 (see abstracts). 

16 See references in APPENDIX 24-38 (see abstracts). 

17 See Nielsen et al, Protein Engineering, 10:1-6, 1997, APPENDIX 15 (see abstract); Duffaud et 
al., J. Biol. Chem., 263:10224-10228, 1988, APPENDIX 39 (see abstract). 
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12. In addition, I conclude that During' s strategy for mating the light 
chain leader to the mature light chain sequence cleavage site was likely subject to 
cleavage site ambiguity. This is reflected in statistical 18 and neural network 19 predictions 
of probable cleavage sites. For example, in all instances where Gly-Ser-Met is 
theoretically introduced distal to a cleavage site, an incorrect or absent cleavage site is 
predicted. 20 Whereas these computations are useful tools, they do not guarantee 
experimental success. 21 As will be detailed further in my declaration, not surprisingly, 
the leader sequence strategy used by During did not demonstrate a clear experimental 
success. In view of the clear deficiencies of During's work, his claims of successful 
expression would not have been reasonably believed by the ordinary skilled artisan. 

III. During's experimental evidence allegedly supporting heavy and light chain 
processing and assembly of an antigen-specific immunoglobulin is 
inconsistent and lacks in critical controls. 

13. The During dissertation describes that plant cells were initially 
transfected with DNA encoding the antibody light chain but not the heavy chain. 
Incredibly, During was unable to detect light chain in the cells. The failure to detect 
expression of light chains would, in my opinion, have been disturbing to the ordinary 
skilled artisan because it was known that light chains can be readily expressed without 
heavy chains in B cells. In addition, a very low level of light chain expression would 
make it that much more difficult to detect heavy-light chain assembly. Furthermore, an 
increased relative heavy chain expression, which under the circumstances might be 
necessary to achieve assembly in view of the low levels of expressed light chain, 
conceivably could result in toxicity if plant cells turned out to be susceptible to heavy 

18 See Von Heijne et al., APPENDIX 23 (see abstract). 

19 See Nielsen et al, APPENDIX 15 (see abstract). 

20 See Nielsen et al, APPENDIX 15; Center for Biological Sequence Analysis, Dept. of 
Biotechnology, The Technical University of Denmark website (www.cbs.dtu.dk/; SignalP cleavage site 
predictor). 

21 See Von Heijne et al., APPENDIX 23 (see abstract). 

22 During dissertation, APPENDIX 2, p. 80, line 2 ("Repeated attempts to directly detect the light 
chain of B 1-8 and for T4 lysozyme from the crude extract of tobacco mesophyll protoplasts were 
unsuccessful."). 
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chain toxicity as is the case for B cells. 23 Thus, During' s failure to detect light chain 
expression in cells transformed to express only the light chain would have raised serious 
complicating issues requiring a more thorough investigation. 

14. In spite of the failure to detect light chain expressed by itself, 
During proceeded to clone the heavy chain with the light chain into a dual cassette 
expression vector and attempted to express both chains in plant cells. Page 86-95 of the 
During dissertation contains the results and discussion related to detection of antibody 
expression which employed Western blotting and tissue printing (see section 3.14, pages 
86 to 90) as well as ultrastructural analysis of transfected plant tissue (see section 3.16, 
pages 92-95). As indicated by the statement below, During understood that his 
expression system was suboptimal, and that if assembled antibody were produced, the 
amount would be very low relative to the total protein. 24 

Due to the expected level of low percentage of sought 
protein in the total protein, sensitive detection methods had 
to be developed. For this purpose , a non-radioactive 
detection system, which is compatible with the system for 
DNA hybridization described in 2.7.5 and 3.3, was worked 
out for detection of proteins on nitrocellulose and 
Immobilon filters. . . . 

A method therefore had to be developed that 
permits the sought protein to be enriched from the crude 
extract before Western blot or preferably to be isolated and 
concentrated to detectable concentration. 

The acknowledged deficiencies of During's expression system ultimately forced him to 
develop a pre-enrichment scheme in order to apply Western blotting. Such scheme would 
have raised concern with the ordinary skilled artisan as to the overall credibility of 
During's findings because direct Western blotting was known to be extremely sensitive 
and had previously been used for demonstrating foreign host expression. Indeed, in 
contrast to During's inability to use direct Western blotting, assembled antibody 
generated in tobacco plants using Applicant's system as described in the above-captioned 

23 See Boyle et al, APPENDIX 3. 

24 During dissertation, APPENDIX 2, p.86, 2 nd to last paragraph and 4 th paragraph of p. 87. 
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patent application were readily detected by direct Western blotting (see Figure 5 of the 
above-captioned patent application). During's efforts to increase sensitivity creates a 
greater potential for artifactual results, requiring additional experimental controls. As 
will be evident below, During's experimental approach wholly fails to provide the 
additional controls. 



15. To enrich for antibody in the plant extract prior to Western 
blotting, During exposed large volumes of plant extract to several rounds of affinity 
purification with CNBr activated Sepharose 4b to which is attached Lsl36 antibody 

25 

(monoclonal antibody allegedly specific for the light chain) or NP hapten. Bound 
antibody (if present) was eluted, according to During, with 0.1 M glycine, pH 2.3 
presumably for the Lsl36-sepharose or NIP-cap for the NP-Sepharose. 26 During's 
Western blotting results are shown in Figure HI/232 and discussed on page 89-90. During 
indicates that direct Western detection was unsatisfactory and that he could detect only 
"processed light chain" in the callus material through the pre-purified extracts. 27 
During's statement appears to indicate that heavy chain detection was attempted, but was 
unsuccessful. I base this observation on the fact that During planned to detect heavy 
chain with an anti (i antibody by Western blotting 28 and because there were no results 
featured showing heavy chain detection. Thus, During fails to detect either the light or 
heavy chain in direct Western blotting but allegedly detects a "processed" light chain but 
not a heavy chain in the indirect (pre-processed) Western blots. To conclude as he does 
from the Western results that assembled Bl-8 antibody was present in the plant extract, 
During must infer that which he is attempting to prove, that fully assembled antibody 
must have been present in the extract for light chain to have been enriched following 
binding to the NP hapten immunoabsorbent. 29 As will be seen below, this faulty circular 

25 During dissertation, APPENDIX 2, p. 87, 4th full paragraph through page 89, lines 11-13. 

26 During dissertation, APPENDIX 2, p.47, lines 7-10. 

27 During dissertation APPENDIX 2, p89, lines 3-4 

28 During dissertation APPENDIX 2, p.86, lines 12-13. 
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reasoning is open to alternative explanations which directly conflict with During' s 
conclusion. 

16. During' s assertion of successful heavy-light assembly severely 
lacks the type of proof that normally would normally be required under the circumstances 
to draw such conclusion. Even accepting for the sake of argument During' s detection of a 
"processed light chain" by indirect Western blotting, assembly still requires a heavy chain 
and During has no direct proof from either the direct or indirect Western that heavy chain 
was expressed. In fact, any of a number of artifacts may be the cause of During's 
Western results. For example, assuming for the sake of argument that a light chain was 
expressed by the plants, the NP hapten immunoabsorbents might have bound light chain 
even without heavy chain expression during the "enrichment" procedure. This is a real 
possibility because light chains alone have been known to exhibit a low but real affinity 
for antigen, particularly in circumstances such as the present case when the antigen is 
immobilized. Alternatively, light chains could have been purified by the 
immunoadsorbents if an endogenous plant protein existed which coincidentally had 
features in common with the heavy chain of the Bl-8 antibody. Although I have no 
evidence that either of these scenarios were at play, they should (and could) have been 
eliminated by employing any of a number of possible controls. For example, During 
could have directly demonstrated that heavy chain was absolutely required for light chain 
binding during the pre-enrichment step. Alternatively, or in addition, During could have 
used biosynthetic radiolabeling of plant cells in combination with Western blotting to 
prove that a heavy chain was in fact co-enriched with light chain. This method is well 

30 

known in the art and was previously used to demonstrate foreign protein expression. 
Biosynthetic radiolabeling also helps to control for stripping of antibody during a low pH 
elution of an antibody immunoabsorbent column (i.e., the Lsl36 adsorbent), a problem 



29 During dissertation APPENDIX 2, p.89, lines 14-17 ("By indirect detection of isolation of the 
functional antibody with hapten [and] detection of the light chain contained [there] in it could be 
demonstrated that plants are capable of synthesis of active monoclonal antibody whose individual chains are 
fused with a plant signal peptide.). 

30 See e.g., Rothstein et al., Nature, 308:662-665, 1984, APPENDIX 40, Fig. 2 (expression of 
wheat a-amylase in yeast cells labeled with 35 S-methionine). 
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encountered with CNBr. 31 Since During employed low pH elution and CNBr linkage, he 
should have provided controls to address this potential problem. 

17. During also evaluated antibody expression using "tissue printing/' 
in which a leaf is pressed against a membrane in order to bind various proteins in the leaf 
to the membrane and the membrane is probed by the various immunological reagents 
used in Western blotting. 33 No extract is made in this case and no enrichment is used. In 
these experiments, During allegedly detected light chain, heavy chain and "aggregated 
Bl-8," (the latter conclusion presumably is a result of Ac38 antibody binding to the tissue 
print). It is disturbing that During never even attempted to explain why heavy chain was 
detected in these experiments but not in the Western blots. In any event, even if he could 
explain this discrepancy in a scientifically acceptable manner, the tissue printing 
experiment inexplicably lacks the type of controls that are normally required to support 
the conclusions that During attempts to draw. The controls needed for tissue printing are 
the same types of controls typically employed in antibody binding assays such as ELISA 
or immunohistochemistry. As is always the case for antibody reagents (polyclonal or 
monoclonal), one must use antigen inhibition to validate the specificity of binding in each 
assay format (i.e. that binding is "antigen-specific"). For example, Gubler et al. 
demonstrated a-amylase secretion by plant cells by inhibiting tissue staining with 
antigen. 34 Similarly, Wood et al. used antigen inhibition to demonstrate Bl-8 antibody 
assembly in yeast (the same antibody used by During). 35 In fact, Wood demonstrated that 
the NIP form of antigen inhibited better than the NP form of hapten, a well known 
signature of the Bl-8 antibody. 36 The During dissertation evidences that During was 



31 See Lihme et al., J. Chromatography, 376:299-305, 1986, APPENDIX 41, table 1. 

32 Lsl36 antibody which may have leached into the "enriched" leaf extracts may be detected by 
cross reaction with the secondary reagents in the western blot. 

33 During dissertation, APPENDIX 2, paragraph bridging p. 8 8 and 89. 

34 See Gubler et al., Planta, 168:447-452, 1986, APPENDIX 42, pl448, right hand column 
(Specificity of antibody staining evaluated by using antibody previously absorbed with a 50 fold excess of 
antigen). 

35 Wood et al., APPENDIX 10, p448, right hand column, middle of page. 

36 Wood et al., APPENDIX 10, p448, right hand column, middle of page. 
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aware of the Wood et al. reference 37 and the heteroclitic nature of the Bl-8 antibody, 38 
but for reasons unknown to me, During failed to conduct any antigen inhibition controls. 
Sossountzov et al. studying immunogold localization of abscisic acid in plant tissues of 
chenopodium polyspermum L, likewise used an antigen inhibition control which the 
authors recognized as vital (my emphasis added to the following quote). 39 

Preabsorbed ABA antibodies, which constitute an 
essential control for determining the specificity of the 
immunolabelling , produced less than one gold particle per 
jam 2 over cytoplasm, nucleic and plastids. 

Although During diluted his antibody reagents with wildtype plant extract and still 
observed binding, this control is not sufficient to exclude other artifacts. For example, 
binding directed to insoluble antigens not present in the extract would not be inhibited in 
the presence of the extract. 

18. The During dissertation includes immunogold electron 
microscopic analysis of the plant cells containing the dual heavy and light chain vector 
apparently using the same antibody reagents used in the Western blotting and tissue 
printing experiments. The dissertation describes that the Ac38 antibody (allegedly 
specific for a properly assembled Bl-8 antibody) reacted with endoplasmic reticulum 
(ER) and chloroplasts in cells from induced plant stems. 40 Also described is that the 
Lsl36 antibody (allegedly specific for light chains), reacted with cytoplasm, but not with 
ER or chloroplasts. 41 Further described is the observation that none of the antibody 
reagents labeled in the vicinity of the plant cell wall or the intercellular space, and that no 
reaction with the golgi apparatus or vesicles were seen. 42 During concludes without 
explanation that these experiments indicate "synthesis and assembling of a monoclonal 

37 During dissertation, APPENDIX 2, p. 1 7, first full paragraph. 

38 During dissertation, APPENDIX 2, p.86, lines 21-23. 

39 Sossountzov et al, Planta, 168:471-481, 1986, APPENDIX 43 (p. 480, left hand column). 

40 During dissertation, APPENDIX 2, p. 94, first full paragraph ("Each chloroplast contains about 
23-30 gold particles, often localized on thylakoid membranes"). 

41 During dissertation, APPENDIX 2, p.94, lines 7-10. 

42 During dissertation, APPENDIX 2, p.94, lines 10-12. 
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Bl-8 antibody . . . occur [sic] in the plant cells on the rough ER . . . " 43 If During' s 
conclusion about successful Bl-8 assembly in plant cells was correct, the Ac38 
immunoreactivity would mean that assembled antibody, i.e., both a light chain and a 
heavy chain, were present in the ER and chloroplasts. Such conclusion, however, is 
inconsistent with During' s own failure to observe light chain immunogold labeling of ER 
or chloroplasts. Furthermore, the chloroplastic reactivity by the Ac38 antibody is 
perplexing and During provides no explanation for why allegedly assembled antibody 
would be concentrated in such an organelle 44 I note that only weak immunogold labeling 
of chloroplastss was observed in During's plant cells expressing T4 lysozyme. 45 

19. During's alleged success also is in conflict with the failure to 
detect by immunogold labeling, the Ac38 antibody or light chain reactive antibodies 
binding in the vicinity of the plant cell wall, the intercellular space, the golgi apparatus or 
vesicles. 46 In particular, the presence of processed and assembled immunoglobulin in B 
cells, or for that matter, protein expressed naturally by plants, was known to involve the 
golgi and/or vesicles. For example, ultrastructural analysis of immunoglobulin producing 
B cell lines by Newell et al., showed light chains in the golgi and assembled 
immunoglobulin in the ER, perinuclear space and/or golgi apparatus. 47 Others have 
reported that heavy and light chains are synthesized on separate membrane bound 
ribosymes and sequestered in the cisteme of the ER from which they are transported into 
the smooth membranes of the golgi apparatus. 48 Furthermore, ER and golgi staining was 
also previously observed for a-amylase in gibberellin-treated barley cells. 49 Li contrast, 
During observed no golgi immunoreactivity using his light chain, heavy chain or Ac38 

43 During dissertation, APPENDIX 2, p.94, last paragraph. 

44 Chloroplastic targeting was known to require a special amino terminal transport peptide, 
something which to my knowledge has not been demonstrated in antibodies. Chloroplastic 
immunoreactivity was observed for abscisic acid but this is not a protein (see Sossountzov et al., 
APPENDIX 43). 

45 During dissertation, APPENDIX 2, p.97, line 1 . 

46 During dissertation, APPENDIX 2, p.94, lines 10-12. 

47 Newell et al., British J. Haematology, 50:45-459, 1982, APPENDIX 44 (see abstract). 

48 Newell et al., APPENDIX 44 (see p.446). 

49 Gubler et al, APPENDIX 42, Fig. 2. 
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antibody reagents, cells were even capable of antibody assembly. Unusual results might 
be acceptable if plant cells were even capable of antibody assembly in unique and 
previously unknown ways, however, unusual results cannot make up for the lack of 
controls in other experiments. 

20. The reliance During places on the Ac38 antibody to support his 
conclusions from the immunogold labeling is misplaced. The Ac38 antibody reacts with 
the Ac38 idiotype, an antigenic determinant expressed on cell surface immunoglobulin in 
the B cell population of C57BL/6 mice at very high frequency (around 1/1, 000). 50 It was 
known, however, in the early 1980s that the majority of Ac38 idiotype bearing antibodies 
induced in C57BL/6 mice (by immunizing with Ac38 antibody) do not have NP binding 
specificity. 51 This means that Ac38 antibody binding cannot be used to claim that NP 
antigen binding specificity is present, even if Ac38 binding were proven to be Ac38 
idiotype specific by inhibiting binding with the specific antigen. Thus, even if During 
had done the proper antigen inhibition controls, he still could not use Ac38 antibody 
binding to infer that Bl-8 light chain and heavy chain were properly processed and 
assembled resulting in NP antigen specificity. In any event, this issue is moot because 
During did not even perform the proper controls. 

21 . The During dissertation concludes that the ultrastructural 
immunogold results support the Western blotting results which together demonstrate 
synthesis and assembly of a monoclonal antibody in plants. Again, no reasoning to 
support this conclusion is provided and in my opinion, it is wholly unwarranted in view 
of the experimental difficulties such as the failure to detect the Bl-8 heavy chain, and the 
lack of proper controls. 

IV. Conclusion 



50 Dildrop et al., EMBO, 3:517-523, 1984, APPENDIX 45, p.517, right hand column. 

51 Dildrop et al., APPENDIX 45, p517, right hand column ("The resulting Ac38-positive 
hybridomas are thus in the majority unreactive with the NP hapten."). 

52 During dissertation, APPENDIX 2, p.94, last paragraph. 
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22. My analysis of the immunology and protein expression art, circa 
1988/1989, convinces me that a person skilled in such art would not have reasonably 
believed that plant cells could be used to express a properly processed and assembled 
antibody molecule. My view is not altered by the limited reports of antibody assembly in 
single cell microorganisms because such organisms would not have been considered 
predictive in this context for a plant cell. The art, therefore, supports a prejudice against 
the possibility of using plant cells to process and assemble a functional antigen-specific 
immunoglobulin molecule. The During dissertation does not overcome this prejudice 
because of serious unexplained inconsistencies and the absence of critical controls. In 
fact, During' s work is so deficient that I would make the same conclusion even if there 
were no prejudice to overcome. Much more was needed to exclude artifactual results, 
which are more likely to be present when one is working at the limits of detectability. 
Even in its best light, giving the During dissertation the full benefit of the doubt, I am 
convinced that the skilled artisan would not have believed During' s claims of 
immunoglobulin assembly in plant cells. Although During was awarded a Ph.D. degree 
for his dissertation, I do not know what weight his dissertation committee gave to his 
antibody expression experiments versus his T4 lysozyme expression experiments. I am 
aware that During eventually published his antibody plant work in a peer-reviewed 
journal (i.e., Plant Molecular Biology) after the inventors of the above-captioned 
application first published their work. 53 In fact, During' s publication in Plant Molecular 
Biology discusses the earlier publication by the inventors, Hiatt and Hein as a successful 
demonstration of antibody expression in plants. 54 In my opinion, During's antibody 
experiments would not have been published were they not supported by the earlier 
published success of inventors, Hiatt and Hein. Had During attempted to publish his 
work in a peer reviewed journal before Hiatt and Hein published their work, my extensive 
experience as a reviewer/editor of scientific journals leads me to conclude During's work 
would most likely have been rejected as inconclusive. 

53 During etal., Plant Mol Biol. 15:281-293, 1990, APPENDIX 46. 

54 During et al, APPENDIX 46, p.291, right column. 
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23. I am convinced that the ability to process, assemble, and secrete 
antigen specific immunoglobulin in plants was not achieved prior to the disclosure by 
Hiatt et al., (see, e.g., article in Nature 55 and in U.S. Patent No. 5,202,422). The 
inventors used a different strategy from During and achieved a significant level of 
expression, allowing detection of the assembled chains by direct Western blotting. Hiatt 
et al., not During, was the first to convincingly demonstrate the ability of plants to 
support production of an antigen-specific immunoglobulin in a manner that overcomes 
the prejudice in the art. 

24. It is also my opinion that the During dissertation is silent about the 
ability of plants to produce single polypeptide forms of an immunoglobulin. Such single 
polypeptide immunoglobulins generally comprise at least the antigen-binding portion of a 
heavy chain and the antigen binding portion of a light chain. A commonly known form 
of single polypeptide immunoglobulin is the single chain Fv (sFv) fragment, which 
comprises a heavy chain variable region, a light chain variable region, and a short peptide 
which links the two regions together. I could find nothing in the During dissertation that 
addresses expression of a single polypeptide form of immunoglobulin such as an sFv 
fragment. The deficiencies of the During dissertation which has been extensively 
discussed with respect to a dual chain immunoglobulin apply equally well if not better 
with a single polypeptide immunoglobulin; The heavy chain variable region in the case of 
the single polypeptide must still assemble with the light chain variable region portion in 
order to achieve an antigen specific immunoglobulin. Again it was the inventors of the 
above-captioned patent application, not During, who were the first describe assembly of a 
an antigen-specific sFv in plant cells. 

25. The During dissertation also fails to teach how to successfully use 
plant cells to express a heavy chain or light chain polypeptide, but not both, in plant 
cells. As already discussed, During attempted light chain expression without the heavy 
chain (but not vice versa) but failed to detect light chains in the plant cells. During did 
not even attempt to express heavy chains by themselves in plant cells. In contrast, the 



Hiatt et al, Nature, 342:76-78, 1989, APPENDIX 46. 
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inventors of the above-captioned patent application, were the first describe that plant cells 
can express the light chain or the heavy chain separately in a plant cell. In my opinion, 
the ability of plants to express each individual chain (light or heavy) was unexpected, 
particularly in the case of the heavy chain which was known at least in mature B cells to 
cause toxicity when expressed without a light chain. 

26. I am aware that the Applicants, which I understand to be Andrew 
Hiatt and Mitch Hein, are inventors of several other pending patent applications in which 
the claims have been rejected over the During dissertation. I give permission to 
Applicants and their attorneys to file this declaration in support of any such other 
applications. In doing so, Applicants and their attorneys may replace the first page of the 
declaration with a substitute page that is otherwise the same except for the case caption 
information. 

I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true; and 
further that these statements are made with the knowledge that willful false statements 
and the like so made are punishable by fine or imprisonment, or both, under Section 1001 
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of Title 18 of the United States Code, and that such willful false statements may 
jeopardize the validity of the captioned patent agglk^tion or any patent issued therefrom. 
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Richard A. Lerner, M.D. 

Dr. Richard A. Lerner's 30-year scientific career is particularly significant not only for 
the broad scope of his achievements in several diverse areas of biomedical research, but 
for his leadership and vision in concurrently directing the totality of scientific activities 
at The Scripps Research Institute, the country's largest private, non-profit biomedical 
research organization. His work spans a wide range of seemingly disparate discoveries, 
from unique insights into protein and peptide structure to the recent identification of a 
sleep-inducing lipid. He has been widely recognized by numerous prestigious societies 
and organizations in the U.S. and abroad. 

One of his most recent accomplishments, and that for which he is perhaps most well 
known, is the groundbreaking work of converting antibodies into enzymes, permitting 
the catalysis of chemical reactions considered impossible to achieve by classical 
chemical procedures. While it has taken enzymes acting on natural biological systems 
millions of years of evolution to reach their present level of efficiency, antibodies can be 
produced overnight, for obtaining an almost limitless variety of products — beyond 
natural ones — with an efficiency that may exceed that of natural enzymes. 

Dr. Lerner's prolific scientific output is accomplished with his simultaneous 
appointment as President of The Scripps Research Institute. His visionary leadership 
has kept the Institute at the frontier of science in several explicit and highly focused 
areas, giving the organization particular strength at the border between chemistry and 
biology. Emphasizing interdisciplinary collaboration that would be unlikely if not 
impossible at many major U.S. universities, Dr. Lerner embraces the notion of providing 
the faculty with a significant degree of freedom and the full range of technical resources 
to remain at the cutting edge.. And. recognizing the trend of shrinking Federal resources 
for science as far back as the early 1980s, Dr. Lerner has encouraged the formation of 
large-scale industrial collaboration agreements with major pharmaceutical industries, 
which have given the Institute #he opportunity to recruit, build, expand, and remain 
state-of-the-art in facilities and instrumentation. 

Dr. Lerner graduated from Northwestern University and Stanford Medical School. He 
interned at Palo Alto Stanford>HoispitaI, and received postdoctoral training at Scripps 
Clinic and Research Foundation in experimental pathology. Since 1970 he has held staff 
appointments at Wistar Institute in Philadelphia and at the Research Institute of Scripps 
Clinic (renamed The Scripps Research Institute) in La Jolla. He served as Chairman of 
the Department of Molecular Biology of the Institute from 1982-1986 prior to assuming 
the presidency of the organization. 

Dr. Lerner has received numerous prizes and awards, including the Parke Davis Award 
in 1978, John A. Muntz Memorial Prize in 1990, San Marino Prize in 1990, The 
Burroughs Wellcome Fund and the FASEB, Wellcome Visiting Professor Award in 1990, 
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The College De France Lectureship in 1991, Arthur C. Cope Scholar Award in 1991, The 
Tenth Annual Jeanette Piperno Memorial Award in 1991, Sixteenth Annual 
CIBA-GEIGY Drew Award in Biomedical Research in 1992, Humboldt Research Award 
in 1994, and the Wolf Prize in Chemistry in 1994-1995, the California Scientist of the 
Year Award in 1996, and the Coley Award for Distinguished Research in Basic and 
Tumor Immunology in 1999 . 

In addition to Charter Membership in the American Society for Virology, Dr. Lerner 
holds memberships in the American Society for Experimental Pathology, American 
Society of Microbiology, New York Academy of Sciences, Biophysical Society, and the 
Pluto Society. He is on the editorial boards for the Journal of Virology, Molecular 
Biology and Medicine, Vaccine, In Vivo, Peptide Research, Bioorganic and Medicinal 
Chemistry Letters, Drug Targeting and Delivery, Senior Contributing Editor to PNAS 
and Chemistry and Biology, Bioorganic and Medicinal Chemistry, Molecular Medicine, 
Catalysis Technology and Angewandte Chemie. 

Dr. Lerner was elected Foreign Member of the Royal Swedish Academy of Sciences in 
1985; Member, National Academy of Science USA in 1991; Member, Scientific Policy 
Advisory Committee, Uppsala University, Uppsala, Sweden in 1991; Member, Scientific 
Advisory Board, Economic Development Board, Singapore in 1991; Trustee, The 
Neurosciences Research Foundation, Inc. in 1992; Member, Advisory Board, Chemical 
& Engineering News in 1994; Member, ETH Institute of Biotechnology Advisory Board, 
Zurich, in 1994; Member, Stanford Linear Accelerator Center Scientific Policy 
Committee, Stanford, CA., 1995-1998; Member, Center for Nanoscale Science and 
Technology Scientific Advisory Board in 1996; Member, College of Chemistry Advisory 
Board, University of Calif ornia, Berkeley, 1996-1997; Member, California Council on 
Science and Technology Board of Directors, 1996-1997; Member, Advisory Steering 
Group for Chemistry, California State University, 1996; and Member, Academic 
Committee of the Board of Governors of Technion Israel Institute of Technology, 1998. 
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I. Introduction 

The development of genetic engineering methods has resulted in recent years in attempts 
to introduce new resistances to plants. Cultivation of resistant varieties previously was only 
possible in the conventional manner by crossing. In so doing, the fact that undesired properties 
could also be introduced always had to be tolerated. Another drawback is the work often lasting 
several decades with this cultivation requirement. In this period the requirement profiles can 
change so strongly that the entire project becomes untenable. 

It has become possible in recent years through developed gene transfer methods to 
deliberately incorporate individual genes in plants for characteristic properties. In so doing, one 
or more properties of a variety can be predictably altered. 

After initial attempts with marker genes, such genes have recently been incorporated 
increasingly in plants by genetic engineering transformation with the intention of usefully 
altering these plants. So-called resistance genes are chiefly at issue here^ from which it is 
expected that they will impart resistance to herbicides, pests or diseases: Despite some success, 
there are still many years before such altered seed can become available to : agriculture. The 
present study is to make a fundamental contribution to these problems.St;^ - ; z r ' 7 

Some important current research activities will be briefly characterized below (Eckes 
et al., 1987). One field being worked on as industrial research is herbicide resistance. Through, 
manipulated plants with increased resistance to certain herbicides, .their use is supposed to be 
made more economical, and by natural resistance this is only possible tb-a restricted extent and 
only for selective herbicides. The location of the effect in most -modern" herbicides is known and 
in many cases a gene has been isolated whose genetic product ensures detoxification of the 
herbicide. This can be achieved by altering the location of actio^by ^ miS^dtt^ an increase in 
concentration at the site of action by introduction of metabolizirigienzyfees^The first published 
study concerned the herbicide glyphosate, which inhibits synthesis bf*are>matic amino acids in 
plants by inhibiting the enzyme 5-enolpynivylshikimic acid-3-phosphate synthase (EPSP 
synthase) (Steinrucken and Amrhein, 1 980). By cloning the EPSP synthases gbne behind the 
constitutionally expressed 35S promoter and introduction of this construct to -petunia cells, a 
40-fold increased enzyme activity could be detected in calli, which is considered the cause for 
the now existing glyphosate tolerance (Shah et al., 1986). With a mutated EPSP synthase enzyme 
from Salmonella typhimurium (replacement of one of the total of 421 amino acids (Stalker et al., 
1985)), glyphosate-tolerant tobacco plants were obtained (Comai et al., 1985). DeBlock et al. 
(1987) recently reported on artificial resistance to the herbicide phosphinotricin (PTT), an 
inhibitor of glutamine synthetase (Donn et al., 1984). In this case a resistance gene 
(phosphinotricin acetyltrarisferase, PAT) was isolated from Streptomyces hygroscopicus 
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(Thompson et al., 1987) and transferred to tobacco, tomatoes and potatoes. Transgenic plants 
that express PAT are resistant by metabolism to high doses of PTT (DeBlock et al, 1987). 

The second important area is viral resistance. Significant successes have recently been 
achieved here. Natural reactions to a viral infection are the formation of pathogenesis-related 
proteins (PR proteins) or, after infection with a weakly pathogenic virus, the formation of cross 
resistance. In various plants after infection with viruses, viroids, bacteria or fungi, the occurrence 
of specific PR proteins that can be correlated with the formation of resistance to further 
infections was observed (Parent and Asselin, 1984; van Loon, 1985; Carr et al., 1987; van Loon 
et al., 1987). Synthesis of PR proteins is induced by the infection; the concentration increases by 
a factor of 100 (Hooft van Huijsduijnen et al., 1985, 1986). Extracellular localization was 
detected by vacuum infiltration (Parent and Asselin, 1984) and by immunofluorescence (Carr et 
al., 1987); the concentrations are highest in the vicinity of mesophyll cells and viral lesions. 
Some PR proteins were recently assigned chitinase or 1,3-p-glucana^e activity (Kauffinann et al., 
1 1987; Legrand et al., 1987, Shinshi et al., 1987; Kombrink et al., 1988). Hybrids that 
constitutively express a PR protein that demonstrates significantly increased resistance to viruses 
were obtained by crossing pathogen-induced tobacco varieties (Ahl and.Gianinazzi, 1982). The 
gene sequences of some of these proteins were recently cloned (Hooft van Huijsduijnen, 1986; 
Cornelissen et al., 1987; Shinshi et al., 1987) and a practical evaluation of these resistance 
mechanisms is therefore available, analysis and use of infection-inducible promoters and 
efficiently operating signal peptides being of particular interest. ; ; 

Starting from the observation of cross resistance, two groups .attempted to express the 
gene for the coat protein of the tobacco mosaic virus (TMY) in tobacco ^evan et al., 1985; Abel 
et al., 1986). A higher percentage of transformed plants that then formed the coat protein actually 
' exhibited no symptoms after artificial infection with TMV (Abel et al., 1 986), and expression of 
a single gene is obviously sufficient for formation of cross resistance. An attempt made in the 
meantime to prevent spreading of viruses by expression of antisense RNA failed again, since no 
success was found. On the other hand, the integration and expression of cDNA from viral 
satellite RNA which acts antagonistically on the actual virus were successful in tobacco plants 
(Courtice, 1987). Harrison et al. (1987) introduced satellite RNA of the cucumber mosaic virus 
(CMV), which is only replicated in CMV-infected cells; production of satellite RNA in 
transgenic plants (Baulcombe et al., 1986) is dependent on infection and largely suppresses the 
r formation of disease symptoms, as well as multiplication of CMV. For tomato aspermy virus 
(TAV), a close relative of CMV, only suppression of the symptoms can be found. Similar results 
were obtained by Gerlach et al. (1987) for the tobacco ringspot virus (TobRV). 

The first attempts have since also been made for artificial resistances against pests, for 
example, insects. Natural defense mechanisms of plants are probably triggered by fragments of 
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the cell wall (oligosaccharides) (Davis et al., 1986) and these can have an inhibiting effect on 
auxin synthesis (Albersheim, personal communication). A known reaction is the formation of 
protease inhibitors as a reaction to damage to the plants, these being proteins that act as potent 
inhibitors of serine proteases, which are involved in the digestive process of insects (Broadway 
et al., 1986). Genes for such inhibitors were recently isolated (Lee et al, 1986; Sanchez-Serrano 
et al., 1986). Different low-molecular substances, for example, phytoalexins and tannins, are also 
formed in addition to protease, which can have a antifeedant effect or act as signal substances 
(Darvill and Albersheim, 1984). Genetic engineering application of these mechanisms appears to 
be difficult in contrast to protease inhibitors because of their complexity. An artificial resistance 
to insects could be produced by transformation of plants with the endotoxin from two different 
Bacillus thuringiensis strains (Fischhoff et al., 1987; Vaeck et al., 1987). Vaeck et al. (1987) 
reduced the endotoxin to an effective protein fragment, and resistance to insect larvae was also 
produced with low-expressing regenerants. Fischhoff et al. (1987) also demonstrated resistances, 
although the endotoxin protein itself could not be directly detected in plants. A similar effect was. 
achieved by Hilder et al. (1 987) by expression of a trypsin inhibitor from cow bean ( Vigna _i 
unguiculata), a roughly 80 amino acid-long polypeptide in tobacco. 

The least progress has thus far been achieved in the field of genetic engineering treatment 
of plant diseases, primarily fungal infections. Natural "induced" resistances, similar to viral 
infection (Dean and Kuc, 1985) can lead to the formation of hydroxyproline-rich proteins 
(proteins localized in the cell wall with unknown functions) and other infection-specific proteins^ 
(Riggleman et al., 1985). cDNA and genomic clones for hydroxyproline-rich proteins have sinc& 
been isolated (Chen and Varner, 1985a/b). Elicitors and inducible genes have since been 
characterized. Plants synthesize the enzyme chitinase whose activity increases sharply during^- r 
fungal attack (Schlumbaun et al., 1986; Legrand et al., 1987; Shinshi et al., 1987). Two chitinase^ 
genes (from Serratia marcescens) have been identified and cloned, one of which clones for a ^. .,. 
secreted protein with a 23 amino acid-long signal peptide (Jones et al., 1986). This was --y* 
expressed in tobacco plants under the control of a strong promoter (P. Dunsmuir, personal 
communication). It is assumed that chitinase hydrolyzes the fungal cell walls and in this manner 
can produce resistance. 

The present study attempts to take up new aspects in this field and to solve the 
fundamental problems for additional resistance approaches. In the first place, expression and 
assembling of the light and heavy chains of an antibody and expression of bacteriophage T4 . 
lysozyme in plants are to be investigated, and in the second place, the question whether it is 
possible to secrete these proteins under the guidance of a plant signal peptide is to be answered. 
Application of monoclonal antibodies is conceivable, for example, to generate artificial 
resistance against viruses (cf. Stieger, 1987). 
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A more specific background involves the use of lysozyme: in similar fashion to natural 
lysis, an attempt can be made to achieve artificial lysis of infecting bacteria. This aspect appears 
to be of particular interest, since thus far there are no plant protection agents against bacteria. In 
order for all these approaches to lead to greater activity with proteins not endogenous to plants, 
the combination with secretion was considered in order to make the attacker harmless already 
before reaching the cytoplasm. The possible presence of a signal peptide commonly found in 
plants in foreign proteins, with the correct function, cannot be expected with certainty. By fusion 
with a signal peptide endogenous to the plant, secretion should be made possible. Not only 
secretion, but also controllable expression of gene products are part of the construction of an 
ideal resistance gene. An intense search for appropriate promoters was made. The Tr double 
promoter employed here (Velten et al., 1984) proved to be an appropriate candidate during this 
study. Wound-induced promoters or those that can be simulated by other infectious phenomena 
would protect the plants from any stresses by exogenous proteins in the healthy state, but in the 
event of infection could ensure efficient resistance reaction. 

The mechanisms of the process of secreting proteins by the bacterial plasma membrane ; 
(Benson et al., 1985; Oliver, 1985; Wu and Tai, 1986) and the eukaryotic endoplasmic reticulum , 
(Kelly, 1985) have been very intensely investigated in recent years. Exocytosis is fundamentally 
similar for both systems but there are deviations in essential details. The eukaryotic secretion 
mechanism will be briefly sketched below. The first hypothesis (signal hypothesis) was 
advanced in 1975 by Blobel and Dobberstein (1975a/b). According to it, translocation of , 
polypeptides is coupled to protein biosynthesis. Ribosomes bound to the membrane of tte rough : , 
endoplasmic reticulum of eukaryotic cells produce secreted proteins, whereas free ribpsom^§, . 
. synthesize cytoplasmic proteins (Redman and Sabatini, 1966). Nearly all secreted protejnsJhave.; ..... 
an N-terminal signal peptide of 20 to 40 amino acids which exhibits specific features (y. .Heijne, , 
1985a) and is cleaved by signal peptidase, a membrane protein (Oliver, 1985). If the signal - . . . . , , 
peptide leaves the ribosome during protein biosynthesis, which corresponds to the achievement . r t 
of a length of about 70 amino acids of the mature polypeptide (v. Heijne, 1985b), protein ; . v 
synthesis is stopped by an interaction of the signal peptide with the signal recognition particle ; 
(SRP) (Walter et al., 1 984; Wiedmann et al., 1 987a). SRP consists of six polypeptides and a 
300-bp RNA (7S-RNA) (Walter and Blobel, 1981, 1982) and interacts through the 54 kDa 
polypeptide with the signal peptide (Kurzchalia et al., 1985; Wiedmann et al., 1987a). The 
translation stop is eliminated by a direct interaction of SRP with its SRP receptor, also called 
docking protein (Meyer et al., 1982). This 73-kDa protein (Lauffer et al., 1985) is an integral 
component of the membrane of the rough endoplasmic reticulum, but consists of a 
membrane-anchoring and interacting cytosol subunit (Hortsch et al., 1985; Lauffer et al., 1985); 
the developing interaction is transient in nature and causes dissociation of the entire complex, but 
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does not participate in direct interaction between the ribosome and the membrane (Gilmore and 
Blobel, 1983), but only leads to a spatial approach (Walter et al., 1984). Other ER membrane 
proteins that participate in transport of secreted proteins through the ER membrane (Hortsch et 
al., 1986; Robinson et al., 1987) and for which signal peptide binding by the domains embedded 
in the membrane can be detected in two cases by photoaffinity labeling (Robinson et al., 1987) 
were recently discovered. Specific functions, namely binding of the signal peptide freed from the 
SRP-SRP receptor-ribosome complex, could be coordinated to a second receptor, the signal 
sequence receptor (SSR), SSR being an integral glycosylated protein of the membrane of the 
rough ER (Wiedmann et al., 1987b). According to the current view, this regulated system of a 
signal peptide and its receptors serves to maintain a tertiary structure of the corresponding 
protein appropriate for transport through the membrane (Zimmermann and Meyer, 1986). The 
first interaction of signal peptide and membrane occurs in an environment that is still accessible 
to aqueous reagents (Gilmore and Blobel, 1 985). 

The most recent hypothesis claims that, in mammalian cells, SRP binds the signal peptide 
and interacts with the SRP receptor, which is already an ER membrane protein. The signal 
peptide is transferred to SSR from this complex without protein biosynthesis having to be 
continued. The task of SRP therefore appears to be prevention of folding of the nascent protein 
(Walter 1987; Wiedmann et al, 1987b). 

Post-translational secretion without involvement of the SRP-SRP receptor complex has 
also been observed (Walter, 1987; Wiedmann et al., 1987b), in this case the conformation of the 
complete protein still permitting interaction with SSR. This result correlates with the earlier 
observation of constitutional and post-translational secretion (Kelly, 1985). In the case of 
- prepromellitin from the honeybee, Muller and Zimmermann (1 987) were able to detect 
eotranslational insertion in vitro in dog pancreas microsomes without participation of SRP and 
'' SRP receptor, in which case the cluster of negatively charged amino acids on the N-terminus had 
to be compensated by a cluster of positively charged residues on the C-terminus, which also 
indicates the structural effect. 

Signal peptides do not show extensive homologies in primary structure, but common 
structural features. The length is variable, ranging from 16 to more than 50 amino acids, but 
averages about 20 (v. Heijne, 1985a). The main feature is a hydrophobic core sequence of 8 to 18 
uncharged amino acid residues (h region), which could be the objective for SRP. The N-terminus 
is very variable in length, but not in positive excess charge, which is always about +1.7. The 
C-terminal region of the signal peptide does not vary very strongly in length, but is polar 
(v. Heijne, 1985a), mostly negative in overall charge (v. Heijne, 1986a). The spatial structure 
(Robinson and Austen, 1987) and the charge differences between the individual domains 
(v. Heijne, 1985b) must be considered the main features of a signal peptide. In an in vitro 
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experiment, Briggs et al. (1986) were able to demonstrate that a synthetic signal peptide is 
randomly coiled in aqueous solution, and on contact with a lipid bilayer is preferably in a 
p-folded sheet and in inserted form in the a-helix structure. Calculations of the secondary 
structures also lead to a dominance of the a-helix in the h region (Robinson and Austen, 1987). 
Depleted sites of signal peptides that are recognized by signal peptidase have three conserved 
positions that are essential for cleavage but not for insertion in the membrane, these being the 
positions -1/-3/-6 (v. Heijne, 1984; Kuhn and Wickner, 1985). A small neutral amino acid is in 
position -1 and an uncharged (also larger) amino acid in position -3 and a helix-breaking residue 
(glycine or proline) is often situated in position -6. Rules for prediction of signal peptide 
cleavage sites were developed by v. Heijne (1983, 1986b). The important features of a signal 
peptide (polarity, secondary structure) could be summarized and functionally employed in a 
synthetic signal peptide which represents a derived consensus of known natural signal peptides. 
This peptide competes in vitro with numerous newly biosynthesized secreted proteins and 
prevents their take-up in microsomal vesicles and processing (Austen et al., 1984). By amino 
acid- 'substitution, the natural hydrophobic core sequence for alkaline phosphatase from E. coli 
' was^utdt^'sb that a sequence of nine consecutive leucine residues was now present. This 
mutant Mfiibited an increased secretion rate relative to wild type (Kendall et al., 1986). Kaiser 
et al. (1987) found that 20% of the statistical sequences are capable of assuming the function of a 
signal peptide as an export signal, in which the h region must comprise only a few hydrophobic 
re&dues^ut dnly a few of them were accessible to processing by signal peptidase. These data 
together indicate that the specificity of signal peptide recognition is only low. Nevertheless, Bird 
et M^l : 9i87) 'demonstrated an example in which a yeast signal peptide in the original state did not 
fimctioil as ; a secretion signal in a mammalian cell system, but only after mutation to higher 
liy^o^Hbbicity. 

Analogous to the signal peptide, sequences were also found that cause insertion of the 
coirespoiiHing protein in the membrane and prevent secretion (stop transfer sequence). This 
applies io prokaryotes (Dalbey and Wickner, 1986; Kuhn et al., 1986) and eukaryotes (Mize 
et 11.^1986; Munro and Pelham, 1987). In the mentioned examples, these stop transfer sequences 
are found on the C-terminus of the mature protein. By doubling of a signal peptide, depending on 
the spacing of the two sequences from each other, the second sequence could assume the 
function of a stop transfer sequence (Coleman et al., 1985). Szczesna-Skorupa et al. (1988) 
mutated a membrane-anchoring signal peptide by introduction of positive charges on the amino 
terminus to a secreting peptide. For the further transport path of secreted proteins, the 
participation of vesicles both between the rough endoplasmic reticulum and the Golgi apparatus, 
the next station of exocytosis (Lodish et al., 1987, 1988), and also further transport from there to 
the cell membrane as well as the merging of such vesicles with the cell membrane (Staehelin and 
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Chapman, 1987) were detected. In addition to the cell organelles, cytosol factors and ATP, as the 
energy-supplying compound, are necessary, as was demonstrated in an in vitro reconstitution 
experiment (Beckers et al., 1987). The distinction between plasma membrane proteins, secreted 
proteins and lysosomal proteins, which originally all possess a signal peptide, is attributed to a 
sorting toward different vesicle types in the last Golgi compartment, the trans-Golgi network 
(Griffiths and Simons, 1986). Rothman (1987) controversially discusses the different approaches 
of protein sorting and prefers the idea of selective retention of ER and Golgi proteins in these 
organelles by special retention signals. For bacteria, a varying hydrophobicity of the N-terminal 
segment of the signal peptide was related to final localization of the protein (Sjostrom et al., 
1987). 

A second aspect is retention of incorrectly folded or aggregated proteins in the ER. An 
example for such transient retention is the discovery of immunoglobulin heavy chain-binding 
proteins (BiP) in the lumen of the ER (Haas and Wabl, 1983), this interaction only being 
eliminated by correct aggregation of two light and two heavy chains (Bole et al., 1986). The Chi 
domaiirof thfe-heavy chain is necessary for interaction with BiP, but BiP is not necessary for 
^^riM^oflight and heavy chains, and if this interaction does not occur, secretion of 
incompletely^ggregated antibodies also occurs (Hendershot et al., 1987). A reason for this is 
that the* target-determining sequences in the heavy chain are not always readily accessible. 
Assembling is also inhibited by incomplete glycosylation of the heavy chain in IgM. Dorner 
et alf (1 987) demonstrated that the degree of interaction between BiP and the heavy chain 
depehd&on the^tegree of glycosylation; the lower the glycosylation of the heavy chain, the more 
strbiigfertKe'bihding to BiP, which can lead to a stable bond. The decisive factor is obviously the . 
tbiifc)^ it the accessibility of the glycosylation sites. The efficiency of secretion is 

reguMed by :? these mechanisms. 

r " ^^Glycosylation is a key factor during protein sorting (Olden et al., 1982). This occurs in 
st^sitf^ apparatus (Ferro-Novick, 1985), in which different proteins impose 

diffefeWre'quifem on carbohydrate modification for their proper transport (Olden et al., 
1978; Gltisbtfet al., 1979). Guan et al. (1985) was able to demonstrate that by N-glycosylation an 
- originally membrane-anchored protein could be altered so that it is efficiently transported to the 
cell siifface. For this purpose, two consensus sequences (Asn-X-Ser/Thr) were introduced for 
N-glyc6sylatidn by site-directed mutagenesis. Wild type yeast cells synthesize two forms of 
invertase: a cytoplasmic form and a secreted glycosylated form with a signal peptide; on 
introduction to the ER lumen, the signal peptide is cleaved and 9-10 oligosaccharide chains are 
bound to asparagine. External chain oligosaccharides are linked to the Nrbound inner 
carbohydrate chains during passage through the Golgi apparatus; active conformation cannot be 
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achieved when translocation occurs in the absence of glycosylation (Ferro-Novick, 1985). 
Glycosylation is obviously necessary to achieve a stable tertiary structure and for secretion. 

Only a few studies have been conducted, especially for plant cells. Gubler et al. (1986) 
was able to demonstrate for the first time by immunogold labeling the participation of the Golgi 
apparatus in secretion of plant tissue. Signals were observed over the ER-lumen and associated 
with membranes of the rough ER and the Golgi apparatus. Similarly, through the mechanism of 
translocation through the ER membrane in plants, SRP itself was initially identified as a 
component of mammalian cells; in microsome membranes of wheat germ a component similar to 
SRP was discovered (Prehn et al, 1987), which, however, causes no translation stop. This could 
only be observed during addition of mammalian cell SRP (Duong et al., 1987). Only recently N. 
Campos (personal communication) reported the isolation of SRP from corn endosperm. 

The best investigated secreted protein in plants is a-amylase (EC 3.2.1.1) from the 
aleurone layer of barley. Synthesis of this enzyme is stimulated by gibberellic acid up to a 
fraction of 50% total protein, in which case de novo synthesis occurs (Mozer, 1980; Bernal-Lugo 
et al., 1981; Higgins et al., 1982; Chandler et al., 1984; Huang et al., 1984). Several cDNA 
clones that belong to two different gene families have since been isolated (Rogers and Milliman, 
1983; Chandler et al, 1984; Huang et al., 1984). In the present study clone E of Rogers and 
Milliman was used. The protein contains a signal peptide of 23 amino acids whose gene 
sequence was ligated in front of the structural genes of the proteins being investigated. 
Localization in the aleurone tissue has already long been investigated, but methods that permit 
adequate fine structure, analysis were not always chosen. On the one hand, an association with 
aleurone grains, especially the outer membrane and peripheral cytoplasm (Jacobsen and Knox, 
1973)^ was found by immunofluorescence and, on the other hand, signals in the core region and 
the entire cytoplasm (Jones and Chen, 1976). The participation of the ER (Locy and Kende, 
1978; Jones and Jacobsen^ 1982) was initially detected by biochemical methods, participation of 
both the ER and the Golgi apparatus finally by electron microscopy (Fernandez and Staehelin, 
1985) and immunogold labeling (Gubler et al., 1986) - i.e., retention of a "conventional" 
secretion path. The liberation of a-amylase from aleurone cells by gibberellic acid-induced cell 
wall hydrolysis was recently demonstrated by immunogold labeling (Gubler et al., 1987). 
Processing and secretion of intact wheat a-amylase in yeast was achieved by Rothstein et al. 
(1984) by cloning of cDNA in a yeast expression vector. 

Lysozyme, as a simple monomer and small protein from which a resistance effect can 
simultaneously be expected, was chosen for expression in tobacco. It is used for lysis of bacteria 
in pharmaceutical preparations and in in vitro laboratory methods. Lysozyme from the 
bacteriophage T4 (Tsugita, 1971; Grutter et al., 1983) is superior in strength of the effect to the 
chicken protein lysozyme ordinarily used because of its good availability - it is 250 times more 
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active than chicken protein lysozyme against E. coli cell walls. The T4 lysozyme is a basic 
protein of 18.7 kDa with an optimal pH oil. 2-1 A for enzymatic activity. Although there are no 
homologies to chicken protein lysozyme in the primary structure, both proteins have a very 
similar conformation (Remington and Mathews, 1978; Matthews et al., 1981). At identical 
catalytic activity, similarities occur in the substrate binding mechanisms (Remington and 
Mathews, 1978). By introduction of a disulfide bridge, Perry and Wetzel (1984; Wetzel et al., 
1988) could stabilize the protein against thermal inactivation. Purification of T4 lysozyme was 
first accomplished in 1968 (Tsugita et al., 1968). 

During the infection cycle, the gene in E. coli is transcribed in early and late phase but 
the early mRNA is not translated because it forms a stable secondary structure that blocks the 
translation start by a "hairpin loop" (McPheeters et al., 1986). A genomic clone for the T4 
lysozyme (clone E) was isolated a few years ago and sequenced (Owen et al., 1983) and this 
clone was used in the present study. Perry et al. (1985) achieved nontoxic expression of the same 
gene in E. coli. For this purpose, they cloned the gene with elimination of the hairpm-forming 
region behind the tac promoter and weak expression of the gene pro vedrto be nontoxic. After 
induction with EPTG, up to 2% of the total protein formed as active T4 lysozyme but lysis only 
occurred after freezing and rethawing. This supports the assumption that expression of other T4 
genes might be necessary for lysis of the host cell (Josslin, 1970; Tsugita, 1971). The T4 
lysozyme overproduced in E. coli by Perry et al. and isolated from it was injected into rabbits to 
generate polyclonal antibodies and from this ah affinity-purified Ig© fraction was isolated. 

A natural (although generally very weak) lysozyme activiry^b,eemfbund in a number 
of plants. This is exerted by proteins which primarily exhibit a cbitinase activity: Such proteins 
are active against bacterid 'and -fungal cell walls (Howard and Glazer^^ j Glazer et al., 1969; 
Bernier, 1971; Boiler et al., 1983; Pilet et al., 1983; Pilet and Berhaspbm^ 4984; Bernasconi 
et al., 1986; Schlumbaum et al., 1986). They belong to proteins whose expression is stimulated 
by stress conditions or attack of a pathogen (Bernier, 1971; Bemasct^t*!.^ 1986; Schlumbaum 
etal., 1986) (see above, PR protein). ^ > ^ . .: 

With integration of the gene for bacteriophage T4 lysozyme ana its expression in 
tobacco, a contribution should be made to strengthening the natural defense mechanisms, 
especially a supplementation of endogenous lysozyme activity. : 

More intricately structured molecules are the antibodies (see Tijssen, 1985) consisting of 
two light and two heavy chains bound to each other by disulfide bridges. A distinction is made 
between several classes of heavy (50-70 kDa) and two classes of light chains (about 25 kDa). 
Additional stabilization occurs by noncovalent interactions. The individual chains are 
constructed from several domains, each of which comprises about 1 10 amino acid residues. They 
have significant sequence homologies and similarities in the three-dimensional structure between 
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the individual classes. The light chains include two domains, the heavy chains three to five. One 
distinguishes V, J, D and several C domains, the V region forming the active center and having 
the least sequence conservation. Hypervariable regions are arranged around the active center. 
The other domains are "joining," "diversity" and "constant." Because of the compact globular 
structure, which is formed primarily by the backbone of the constant region, antibodies acquire 
unusual stability. Even after chemical blocking of the previously cleaved S-S bridges, the chains 
reassociate the intact molecules, which demonstrates the intensity of the secondary interactions 
between adjacent domains. An exposed site is the "hinge" region, which is characterized by 
proline abundance, which leads to an unstable secondary structure, and cysteine residues, which 
bond the two heavy chains to each other. This position is relatively more sensitive to cleavage by 
proteases. 

An anti-NP-IgM antibody described by Bothwell et al. (1981, 1982) was used as the 
model system (NP = (4-hydroxy-3-nitrophenyl)acetyl). The cDNAs of the gene for the light and 
heavy chain were made available by K. Rajewski (Cologne). Expression of both chains was 
already successful in E. coli, but assembling could only be found by in vitro reassociation from 
an extract (Boss et al., 1984). eabilly et al. (1984) reached the same result with another antibody 
also in E. coli. The expression experiment of anti-NP antibody in yeast cells was successful 
(Wood et al., 1985). Synthesis, processing and secretion of the light and heavy chains, 
glycosylation of the heavy chain and the detection of functional antibodies has been 
demonstrated, but assembling has only occurred with low efficiency. 

In a previous project, M. Stieger (1987) investigated expression of light and heavy chains 
as well as their assembling in Nicotiana tabacum. For this purpose, the sequence for the signal 
peptide was cleaved from the boding region for both chains and 30 amino acids removed from 
the carboxyl terminus of the heavy chain. Under control of a plant promoter, the presence of both 
chains could be demonstrated with weak signals. Stieger was not in a position to demonstrate 
assembling of a functional antibody in tobacco plants. Only in identically transformed 
Acetabularia has assembling already been detected. 

Starting from these construct, fusion genes with the sequence for the signal peptide of 
a-amylase were produced from barley. Because of this, a secretion process in the plant should be 
introduced, as expected, which first allows us to expect glycosylation of the heavy chain and 
then possibly favors assembling, among other things merely by higher local concentrations of 
both chains. As already described, an immunoglobulin-heavy chain-binding protein (BiP) has 
been identified in the lumen of the ER in hybridoma cells whose interaction is only eliminated by 
aggregation of two light and two heavy chains (Haas and Wabl, 1983; Bole et al., 1986). The 
presence of a similar general mechanism for other proteins in plant ER would be conceivable. 
The use of monoclonal antibodies as a resistance strategy for plants has since been pursued by 



another team (D. Baulcombe, personal communication). Fusions of the ct-amylase-signal peptide 
gene with the coding regions for the light chain, heavy chain and lysozyme occurred as a 
function of the available clones in different ways. For the light chain of the antibody, an ATG 
codon for methionine as the translation start and a 6-bp BaxnHI linker was constructed by M. 
Stieger (1987) after removal of the sequence that codes for the signal peptide, before the first 
amino acid of the mature protein. The a-amylase signal peptide gene was cloned directly in the 
reading frame in front of it so that the amino acids glycine, serine and methionine were 
additionally included in the fusion. A direct fusion of the corresponding gene to the signal 
peptide gene was constructed both for the heavy chain and for the lysozyme. In the case of the 
heavy chain, the coding sequence begins with the first amino acid of the mature protein, in T4 
lysozyme with methionine. Thus far no clear decision is possible whether the signal peptidase 
also requires conserved amino acids on the amino terminus of the mature protein, i.e., in the most 
unfavorable cases some amino acids of the pure a-amylase, for substrate recognition. In the 
present study, such construction was dispensed with and in one case (light chain), the 
incorporation of the inserted linker-coded amino acids was also carried out. 

The system of transformation of plants with genetically altered agrobacteria, which was 
developed first, is now already intensive, but has not been fully investigated by far. An attempt is 
made by determining the natural interaction between Agrobacterium and plants to improve and 
expand genetic engineering applications. The Ti (tumor-inducing) plasmid of Agrobacterium 
tumefaciens was identified as a functional factor, whose essential parts are the T-region and the 
vir-region (Hoykaas and Schilperoort, 1985). The T-DNA includes the DNA fragment enclosed 
by two 25-bp repeats,- which is transferred to plants and integrated in their genome (Stachel and 
.Zambryski, 1 986d). Excisiwvof this fragment from the Ti plasmid is accomplished, as was 
worked out recently, with the cooperation of genetic products of the vir-region (see Stachel and 
Zambryski, 1986d), which are again induced by wound-dependent produced plant substances 
(Stachel et al., 1985; Janssehs et al., 1986). The interaction between the bacterium and the plant 
is initiated by trans-acting factors that are coded in the bacterium by the chromosomal virulence 
loci chv A and chv B (Douglas et al, 1985). In this case, the active role is played by the 
bacterium, whereas the plant cell acts passively, and for virulence and attachment of the 
agrobacteria, bacterial expression of auxin (IAA) is necessary (Matthysse, 1986). It could be 
demonstrated that the auxin does not act on the plant cell, but on the bacterium. Matthysse deems 
the participation of bacterial surface proteins and lipopolysaccharides as probable. Several 
hundred agrobacteria are bound per plant cell, but only a small fraction of all interactions leads 
to a DNA transfer (Depicker et al., 1985). The authors conclude that a plant cell is only 
transformed by one or at most a few bacteria and several T-DNA copies in a plant cell clone 
originate from an original T-region copy. Chemotaxis of agrobacteria with the Ti plasmid 
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pTiB6S3 to the phenolic plant wound exudate acetosyringone was recently discovered (Ashby 
et al, 1987), and the Ti plasmid function is at least partially responsible for this. The optimal 
concentration of acetosyringone is, at 10* 7 M, two orders of magnitude lower than that for 
induction of the vir operon described below, which ultimately leads to transfer of T-DNA. The 
vir-region of octopine-Ti plasmid pTiAchS is the best investigated. Vir B, vir C, vir D and vir E 
are expressed in bacteria only after activation by plant cells, vir A is constitutive and 
noninducibly regulated, whereas vir G is constitutively expressed and at the same time 
plant-inducible (Stachel and Nester, 1986c). Engstrom et al. (1987) conducted a more detailed 
study of vir-coded proteins. Vir A codes for a 91-kDa protein (localized in the cytoplasmic 
membrane fraction), which presumably acts as a membrane sensor protein for the plant signal 
molecule (Melchers et al., 1987), whereas the vir G protein activated by it positively regulates vir 
transcription (Stachel and Zambryski, 1986a). The vir B and C loci are involved, in addition to 
chv A and B, in the attachment and penetration of agrobacteria (or the Ti plasmid) into the host 
plant, whereas vir E regulates transposition of T-DNA in the host genome and a transposase 
. enzyme could be involved (Gardner and Knauf, 1 986). The vir D locus is essential for T-DNA 
circularization and these gene products must possess recombinase or exonuclease activity (Porter 
etal., 1987; Veluthambi et al., 1987; Yamamoto et al., 1987). Vir C is attributed a relation with 
host specificity of different species of agrobacteria (Stachel and Nester, 1 986c). Mostly 
acetosyringone and a-hydroxyacetosyringone were detected as inducing compounds liberated by 
wounded plants and these act as an inducing agent for the vir operon (Okker et al., 1984; Stachel 
et al., 1985, 1986a; Holten. et al, 1986). 

The T-DNA element is characterized by almost perfect 25-bp repeats (borders) flanking 
both sides. Nopaline plasmids possess a T-DNA region. Octopine plasmids, on the other hand, 
have two independent regions (T L and Tr regions). The function of these repeats has largely been 
explained, but not the question of whether this involves an essential component of the transfer 
system. Peralta and Ream (1985) demonstrated that the borders function efficiency only in a 
(wild type) orientation, whereas Rubin (1 986) established independence from orientation. The 
right border repeat is then more important than the left (Caplan et al., 1985) and it alone causes 
efficient T-DNA transfer. Deletion of the right border while maintaining the left one leads to a 
drastic reduction in effectiveness of T-DNA transfer (Horsch and Klee, 1986). Indications have 
recently accumulated that the border repeats are not essential components, but only serve to 
increase the efficiency of transfer and to delimit the transferred region (van Haaren et al., 1987; 
R. Hain, personal communication). The sequences adjacent to the repeats outside of T-DNA then 
play an important role (Wang et al., 1987b). Buchanan- Wollaston et al. (1987) discovered the 
transfer of plasmid DNA from agrobacteria into plants by the action of ori T and mob functions 
of the Ti plasmid with a large host region with the presence of T-DNA borders. The authors 
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assume that the vir genes of the Ti plasmid take over the function of the tra genes during 
interbacterial gene transfer. The sequences in the vicinity of the borders obviously also exert an 
effect and Peralta et al. (1986) were able to identify an enhancer-similar sequence (overdrive) 
that lies directly adjacent to the right border and stimulates the activity of T-DNA transmission. 
These results could be confirmed by van Haaren et al. (1987). After induction of the vir genes by 
acetosyringone, specific nicks occur as a result in the borders (Stachel et al., 1986b; Wang et al., 
1987a). The complementary strand is newly synthesized between these nicks and the old strand 
liberated as a so-called "T-strand" (Stachel et al., 1986b) and another model explains the 
occurrence of the repeatedly detected T-DNA circles by recombination on the borders 
(Koukolikova-Nicola et al., 1985; Machida et al., 1986; Stachel et al., 1986b). A fragment of the 
vir region includes genes for four proteins which are necessary and sufficient for production of 
the T-DNA circles (Alt-Moerbe et al., 1986). The following steps of transfer require further 
explanation. The limited host region of some Ti plasmids is due to a defect of the cytokinin gene 
of T-DNA (Hdekema et al., 1984; Yanofsky et al., 1985). The observation that no 
acetosyringone could be detected and as a resultmpT r DNA circularization in a number of ~.:};,\\ 
investigated monocotyledonous plants that normally: cannot be attacked by agrobacteria appears 
to be important (Usami et al., 1987). In addition, the transformation rate in Arabidopsis thaljana 
was significantly increased by addition of acetosyringone (Sheikholpslam and Weeks, 1987).. 
This compound is therefore assigned decisive importance in transformation experiments. The ^ * 
single monocotyledonous cell culture transform^^ thus far originates . 

from Asparagus officinalis (Hernalsteens et al.^^84^ : : , ^ - : 

< In addition to the opine genes, T-DNA^alspancludef additional conserved genes f }yhose ; ; : 
expression lead to synthesis of plant hormonesj|L^eemans et.al., 1982; Morris, 198(5). _ gmesjj^',.^ 
and 2 code for two enzymes of the auxin synthesis::pathway (Schroder et al., 1984; Kemper et-al., 
1985; van Onckelen et al., 1986) and gene 4 for an enzyme of the cytokinin biosynthesis. , - 
pathway. Auxins and cytokinins are not only prqduced in plants by these genes, but also in ^r^r 
agrobacteria which secrete these substances, and .they were also surprisingly detected in other - 
microorganisms (see Weiler and Schroder, 1987). Transfer and expression of phytphormpne . 
genes from agrobacteria into plants lead to undifferentiated tumor growth, which is regulated by 
the concentration and ratio of both genes (Amasino and Miller, 1982; Akiyoshi et al., 1983). 

The opine genes, according to which different types of Ti plasmids are classified (for 
example, octopine, nopaline), are localized in octopine plasmids in the Tr DNA and in plant 
tissue lead to synthesis of unusual amino acids that cannot be broken down by the plants 
themselves, but merely serve as nutrients for the agrobacteria (see Weiler and Schroder, 1987). 
The best known opine is nopaline, whose nopaline synthase gene was isolated very early 
(Depicker et al, 1982; Bevan et al., 1983). A double promoter (pT R ) which regulates the 1' and 2' 
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genes for enzymes of the mannopine biosynthesis pathway acquired greater significance recently 
(Ellis et al., 1984; Karcher et al., 1984; Winter et al., 1984). These two transcripts saw the 
greatest frequency of all T R -DNA transcripts. Velten et al. (1984) isolated a 479-bp fragment 
from pTiAch5 that contains both complete promoters, and constructed plant selection expression 
vectors with it (Velten and Schell, 1986). Good activity of the promoter was found in calli. Since 
then, the promoter has found use for expression of CAT in carrot protoplasts (Boston et al., 
1987), Bacillus thuringiensis endotoxin (Vaeck et al., 1987), a streptomycin resistance (Jones 
et al., 1987) and bacterial luciferase from Vibrio harveyi, a heterodimeric protein where both 
coding sequences are under the control of both promoter directions (Koncz et al., 1987). Weak 
activity in agrobacteria and E. coli was also described for the analogous T promoter from 
pTiB 6 806 (Gelvin et al., 1981, 1985) and an activating element was identified by deletion 
analysis in the 5'-untranslated region, which can also make a rudimentary octopine synthase 
promoter functional again (DiRita and Gelvin, 1987). By analysis of luciferase expression in 
different parts of plants, a differentiated expression and a possible auxin dependence of double 
promoter activity was found (A. Szalay, C. Koncz, personal communication). This was a starting 
point for precise analysis of the transcription intensity in different plant tissues and testing that 
possible regulation and inducibility under sterile culture conditions. Tissue-specific expression of 
the T-DNA promoter was recently found for another promoter, namely that of gene 5 of Tl-DNA 
from pTiAchS (Koncz and Schell, 1986). This promoter is active in the callus and stem and only 
slightly in fully developed leaves. On a medium with high auxin and low cytokinin, expression 
in leaf fragments could be reproduced and it appears to be regulated by plant growth factors. 
Analysis of the expression conditions of the Tr double promoter was necessary in order to be 
able to establish in which tissue and under which conditions the introduced proteins can be 
expected. A tissue-specific regulation and inducibility was found by wounding and plant 
hormones. The nopaline synthase promoter (pNOS) is generally viewed as a constitutive, 
relatively weak promoter (Depicker et al., 1982; Bevan et al., 1983; Koncz et al., 1983; Sanders 
et al., 1987). This promoter also has an activating element (Ebert et al., 1987). Since the gene for 
the heavy chain of the antibody in the existing transgenic plants is under the control of the NOS 
promoter, an attempt was made to transfer the induction conditions for the double promoter to 
the NOS promoter. Both promoters are a component of T-DNA and also control synthesis of 
opines and therefore the result of a logical line of thought developed to also investigate pNOS for 
possible regulation and inducibility, despite all previous publications. In fact, the same 
expression pattern in principle was found, but with much lower factors but at roughly the same 
base level. The previous classification as a simple constitutive promoter is therefore incorrect 
and became untenable. 
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The plants generated during a transformation (even those from a callus) consequently 
exhibit very high variability in expression of the introduced gene (see Budar et al., 1987; Sanders 
et al., 1987). It is therefore essential to test all transformants for the expression rate. 

So-called disarmed Ti plasmids were constructed for genetic engineering use of the Ti 
plasmid system. They do not generate tumorous growth and permit regeneration of intact plants. 
The already constructed plasmid pGV 3850 (Zambryski et al., 1983) is also still in use today. 
The recombinant vector plasmid that contains the promoter-gene-pA sequence cassette is 
integrated by homologous recombination. More recent constructions function according to the 
principle of binary vectors, where the borders are localized with the T-DNA on a small plasmid 
and the vir region in the trans position on a second plasmid (Bevan, 1984; Hoekema et al., 1985; 
Koncz and Schell, 1986; Koncz et al., 1987). 

A rapid method for detection of gene products can be transient expression of a plasmid in 
tobacco protoplasts. This method was first worked out recently (Fromm et al., 1985; Prols, 1986; 
Fromm and Walbot, 1987) and is derived from the second established gene transfer method for 
transformants (in addition to the agrobacteriaSystem), the direct gene transfer with naked DNA 
(Krens et al., 1982; Paszkowski et al., 1984;Mn et aL v 1985; Shillito et al., 1985; Negrutiu 
et al., 1987). During transient expression, the; genetic information is read directly from the free 
plasmid and integration into the genome is unnecessary. After a short time, however^ the DNA 
breaks down. In such a system, expression of NPT II with the T R double promoter of comparable 
intensity has already been measured with tfig ^cauliflower mosaic virus 35S promoter (M. Prols 
and R. Topfer, personal communication) andithe calcium nitrate-PEG transformation.methods : 
modified according to Hein et al. (1983) werbms^dvTransient expression of a plasmid-coded 
protein by Western blotting, however, has sfii^ been described in tobacco protoplasts. *. 

Another rapid experiment is expressidri-of such plasmids in Acetabularia mediterranea. 
The plasmid DNA is injected into isolated-nuelei^which are then reimplanted in Acetabularia 
without nuclei (Neuhaus et al., 1983, 1984; 3986;£angridge.et al., 1985; Berger et al., 1-987; 
Schweiger and Neuhaus, 1987). Detection of the : heterologous protein occurs by : - ,m 
immunofluorescence using appropriate coritrpK Such an experiment has been successfully.; 
conducted for the Tr double promoter-T4 lysbzyme gene fusion by. G. Neuhaus (Ladenburg). 

Identification of the sought proteins and detection of cleavage of the signal peptide can 
occur by analysis of the molecular weight and immunochemical detection by Western blotting 
(Towbin et al., 1979; Bumette, 1981). This method has found increasingly successful use in 
recent years in molecular biology laboratories. A further development is the recently introduced 
semidry electroblotting (Kyhse- Andersen, 1984), combining simplicity and rapidity of the 
method. A modern and reliable Western blotting method with biotin-streptavidin-supported 
immunochemical detection by alkaline phosphatase staining was developed together with it. The 



23 



use of radioactive labeling was also applied to DNA analysis by Southern blotting and a similar 
protocol worked out. For enrichment of B 1-8 antibodies from plant tissue, the most promising 
method has proved to be the use of monoclonal anti-Bl-8 antibodies (A. Radbruch and M. Reth, 
personal communication; Reth, 1981). An affinity chromatographic method was worked out for 
it and also similarly for T4 lysozyme. 

Final demonstration of the localization of these proteins in plant tissue can only occur by 
electron microscopic methods. Since only relatively limited amounts of protein are to be 
expected in comparison with previous analyses of endogenous protein, the most sensitive 
method, immunogold labeling, was resorted to. Analyses have already been conducted on plant 
material with such a method (Sossountzov et al., 1986; Gubler et al., 1987a, 1987b). 

In the present study, gene constructs were initially prepared, which, on the one hand, 
have the genes for the light chain and the heavy chain of an anti-NP monoclonal antibody (Bl-8) 
under the control of the T R double or NOS promoter and, on the other hand, for T4 lysozyme 
under the control of the T R double promoter. All genes are fused with the gene for the signal 
peptide of a-amylase from barley in order to achieve secretion of the gene products. These 
expression vectors were integrated by homologous recombination into the Ti plasmid pGV 3850 
of agrobacteria. By the leaf disk test, Nicotiana tabacum was transformed individually with these 
constructions and transgenic plants regenerated. By Southern blot and the NPT tests (NPT II 
gene under control of the second position of the Tr double promoter), the transformation was 
checked and confirmed. A promoter activity analysis for pT R and pNOS was conducted on 
transgenic plant material to determine in which tissue and under which conditions expression is . , : 
to be expected, according to which it turned out that the double promoter does not operate 
constitutivfely. Based on these results and the thus-far isolated transformed plants, a naked DNA . 
transfer was carried out in Nicotiana tabacum SRI for the T4 lysozyme construct in cooperation 
with R. Hain (Monheim). Parallel with generation of the genetically altered plants, a polyclonal 
anti-T4 lysozyme antibody was prepared and characterized from rabbits. Modern, highly 
sensitive, nonradioactive detection methods based on the biotin-streptavidin system including 
semidry electroblottings for Western and Southern blotting were worked out for analysis of the 
plants. For enrichment of the sought proteins from the crude extract, an affinity chromatographic, 
method proved to be the method of choice. Monoclonal Sepharose-coupled anti-Bl-8 antibodies 
and a hapten-Sepharose gel were used for Bl-8 (furnished by A. Radbruch and M. Reth). An 
attempt was also made to prepare a homologous system of transient expression in tobacco 
mesophyll protoplasts. The sought proteins were enriched by the aforementioned method and 
analyzed in this form or partly from the crude extract by Western blotting. In order to localize the 
proteins in the cell and demonstrate secretion, a joint project was conducted with S, Hippe 
(Aachen) in the area of electron microscopic immunogold labelings. For this purpose appropriate 
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and modern preparation techniques were worked out by S. Hippe in order to obtain the structure 
of the cells from the different plant tissues and at the same time prevent possible loss of 
intercellularly localized proteins. 
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II. Material and methods 

2.1 Bacterial strains 
E. coli strains 

DH I (F, rec Al, end Al, gyr A96, thi-I, hsd R17, sup E44, rel Al, X) 

Low (1968), Hanahan (1983) 

In this strain (rec A*) the danger of recombinations in the cloned DNA is 
sharply reduced. 

BMH 71-18 A (lac-pro aB), thi, sup E, (F~, pro AB, lac F, Z A M15) 
Yanish-Rerron et al. (1985) 

In this strain blue-white selection of transformed bacteria is possible with 
an insert in the lac Z gene by means of IPTG/X-Gal. 
GJ 23 (R 64 rdll , pGJ 28, Sm R , Tc R , Km R ) 

Van Haute etal. (1983) 

This strain contains the helper plasmids for conjugation of E. coli with 
agrobacteria. 
Agrobacteria strains 

C 58 CI (pGV 3850, Rif*, Cb R ), Zambryski et al. (1 983) 
GV 22 1 5 (Rif*), Leemans et al. ( 1 982) 

2.2 Plant material 

Nicotiana tabacum Wisconsin W38 (W38) is cultured sterile from seeds and reproduced 
as a sprout culture on MS medium (Murashige and Skoog, 1962) for a full day with 16 h light 
and 8 h darkness at 24-26°C. - ; - 

Nicotiana tabacum var. petit Havanna SRI (Maliga et al., 1973) is used for the protoplast 
studies and cultivated in the same manner. 

2.3 Chemicals 

General chemicals and auxiliaries were obtained from the following companies: Aldrich, 
Baker, Bio-Rad, Boehringer, Calbiochem, Difco, Fluka, Hoechst, Merck, Seakem, Serva, Sigma, 
Whatman, Schleicher & Schuell. 

DNA-modifying enzymes, DNAs and linkers from: Boehringer, BRL, Pharmacia, New 
England Biolabs. 

Radiochemicals from Amersham. 

X-ray films: Kodak X-Omat S and X-Omat AR. 



2.4 Cooperation 

Acetabularia mediterranea: Dr. Gunter Neuhaus, Ladenburg (culture, microinjection, 
immunological detection). 

Immunogold labeling was conducted in cooperation with Dr. Sigrun Hippe (Aachen). 
During this work, a high pressure-low temperature sample preparation was conducted in the 
laboratory of Prof. Hans Moor (Zurich). 

Tr promoter analysis: Dr. Robert Masterson (Cologne). 

Naked DNA transfer for stable transformation with the T4 lysozyme construct: 
Dr. Rudiger Hain (Monheim). 

Expression of one-chain antibodies in vitro in plants: Prof. Georges Kohler and 
Dr. Antonio Iglesias (Freiburg). 

Obtained materials: 

The following DNA clones were available: 

Clone E (a-amylase from barley) from J. C. Rogers (Rogers and Milliman, 1983). 

T4 lysozyme (X1358-bS38 imm 434::T4, E IH e' sus 57) from G. R: Smith (Owen et al., 
1983). :y^rs:^:r.: v. . . • - ' 

pAB X 1-15 (light chainofBl-8) and pAB ja-1 1 (heavy chain of Bl-8) as well as Bl-8 
protein and the employed antibodies and affinity gels for it from K. Rajewski (Cologne) 
(Bothwell et al., 1981,1 982). :• ; 

Plasmids pLGV 2385%CypHC 1-3 and pHC 3-19 from M ; Steiger (Cologne). 

T4 lysozyme protein;frorri>R; Wetzel (Genentech, San Francisco) (Perry et al., 1 985). 

2.5 Microbiological methods ?|f ' r - 
2.5.1 Culturmgof^ cote:f^?': v - : >- 

E. coli bacterial strains "are cultured in LB medium (Miller, 1972): 

1 0 g tryptonei-^. • v i i • : '-■ = '■• ' • 

5 g yeast extract" .. . : .. . 

5 gNaCl -i'^T'^. ■ ■ : - ' " -• ' ! 

H 2 OtolL,pH7:5.. 
The medium is mixed^with-the required antibiotic. Employed concentrations: 

Amp lOOmg/L 

Sm 12.5 mg/L 

Sp 50 mg/L 
Incubation at 37°C in a blocking culture. 
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2.5.2 Culturing of agrobacteria 

The agrobacteria strains were cultured in YEB medium. 
5 g beef extract 
1 g yeast extract 

1 g peptone 
5 g sucrose 

2 mM MgCl 2 
H 2 0 to 1 L, pH 7.4 

or in isolated agrobacteria clones also in LB medium (Miller, 1972) (see 2.5.1). 

The media are mixed with the required antibiotics. Employed concentrations: 
Cb lOOmg/L 
Rif lOOmg/L 
Sm 300 mg/L 
Sp 100 mg/L 
Km 25 mg/L. 
Incubation at 28°C. 

2.5.3 Conjugation between E coli and Agrobacterium tumefaciens 

The mobilization system of the helper plasmids R64drdl 1 and pGJ28 is described by Van 
Haute et al. (1983). These two helper plasmids are transferred by conjugation between two E. 
coli strains from the strain GJ 23 in DHI, which contains the vector being mobilized. In the next 
step, all three plasmids are transformed from these transconjugates in a conjugation between E. 
coli and Agrobacterium tumefaciens in the strain C 58 CI (pGV 3850) (Zambryski et al., 1983). 
Both conjugation steps are conducted simultaneously in one procedure. 

For this purpose, 5-mL overnight cultures were cultured from the bacterial strain (DH I 
with pAP 2034 derivative and GJ 23 in LB at 37°C, C 58 CI (pGV 3850) in YEB at 28°C). 
20 \iL of the cultures of both E. coli strains are added dropwise in the center of a YEB plate and 
incubated for 1 to 2 h at 37°G, -the spot drying in this time. 20 ^iL of the agrobacteria culture are 
then added dropwise to the center of the spot and incubated overnight at 28°C, suspended in 
400 nL YEB medium and 200 jiL of it placed on a YEB plate with Rif (100 mg/L), Cb 
(100 mg/L), Sm (300 mg/L) and Sp (100 mg/L) and incubated for 2 to 3 days at 28°C. 

2.6 Plant tissue culture and transformation methods 
2.6. 1 Culturing conditions 

Sterilization of tobacco seeds with sodium hypochlorite: 
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The seeds are placed for 2 min in 70% ethanol and 10 min in SDS sodium hypochlorite 
solution (2% (w/v) SDS + 17.5% (w/v) sodium hypochlorite in sterile water) and washed 
2x5 min. The sterilized seeds are laid out on L + S medium (Linsmeier and Skoog, 1965) and 
germinated and proliferated in a sterile culture on M_+ S medium (Murashige and Skoog, 1962) 
with a 16-h day at 24-26°C. 

For transformed material, L + S medium (Linsmeier and Skoog, 1965) with 3% sucrose 
for the callus culture and sprout induction and M + S medium (Murashige and Skoog, 1962) with 
1% sucrose for plant regeneration and culture are used. 



-!.- 



Composition L + S M + S 

NH4NO3 1650 mg/L 

KNO3 1900 mg/L 

CaCl 2 x 2H 2 0 440 mg/L 

MgS0 4 x2H 2 0 370 mg/L 

KH2PO4 170 mg/L 

Na 2 EDTA 37.3 mg/L 

FeS0 4 x 7H 2 0 27.8 mg/L 

. H3BO3 6.2 mg/L 

MnS0 4 xH 2 0 16.9 mg/L 

ZnS0 4 x 7H 2 0 8-6 mg/L 

KI , . 0.83 mg/L 

Na 2 Mo0 4 x2H 2 0 0.25 mg/L 

CuS0 4 x5H 2 0 < 0.025 mg/L •.•^&v; 

CoCl 2 x6H 2 0 0.025 mg/L -V"?V ' " 

myo-inositol 100 mg/L : '&(■••■ :< 

Thiamine hydrochloride . • 0.4 mg/L " 0.1 mg/L,-- - ~ 

Glycine 2 mg/L ■.. :>i-yr.'j ■■ 

Nicotinic acid 0.5 mg/L :•'*.--«-♦• ' 

Pyridoxine hydrochloride 0.5 mg/L 

Sucrose 30g/L ' 10g/L : 

pH5.8 

2.6.2 Leaf disk test for regeneration of transformed plants (Horsch et al., 1985) 
Method for direct generation of sprouts (modified according to Hain et al., 1 985) 

Younger leaves of Nicotiana tabacum W38 are cut into small pieces and introduced to 
petri dishes filled with liquid L + S medium (Linsmeier and Skoog, 1965). For this purpose 
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100 |iL of an overnight culture of agrobacteria are pipetted and incubated for 2 days. This is then 
washed three times in L + S medium with 0.5 mg/L BAP, 0.1 mg/L NAA and 500 mg/L 
cefotaxime (Claforan, Hoechst) and the leaf pieces placed on L + S medium with 0.5 mg/L BAP, 
0.1 mg/L NAA, 500 mg/L Claforan (3% sucrose and 0.8% agar). After a week the leaf pieces are 
transferred to fresh medium that additionally contains 50 mg/L kanamycin for selection (the 
vector pAP 2034 contains a gene for kanamycin resistance (NPT II)). The direct formation of 
sprouts is induced by the employed hormone combination without forming larger calli. The 
formed sprouts are cut off and placed for further selection on M + S medium (Murashige and 
Skoog, 1962) with 2% sucrose, 100 mg/L kanamycin, 500 mg/L Claforan. Untransformed- 
sprouts wither. Surviving sprouts are tested for the presence of nopaline (see 2.9.1), if the 
nopaline gene is present in the Ti plasmid. Nopaline-positive sprouts are rooted and further 
cultivated on the M + S medium with 500 mg/L Claforan. Surviving but nopaline-negative plants 
are also further treated. When the sprouts are large enough, they are tested for neomycin f J ; - 
phosphotransferase II activity (NPT test/see 2.9.2). . — * 



Coinfection method (slightly modified according to Kaulen, 1986) 

The vector pGV 3850 can be used together with the sprout-inducing agrobacteria mutant 
GV 2215 (Leemans et al., 1982). For this purpose, the leaf pieces are mixed with pGV 3850/GV 
2215 in a 5:1 ratio and incubated in a liquid L + S medium. After 2 days, they are washed three 
times in liquid L + S medium and the leaf pieces are placed on L + S medium with 3% sucrose, } 
0.8% agar, 500 mg/L Claforan and 50 mg/L kanamycin. Two to three weeks after coinfectiori;* 
tumors are formed which form sprouts in the medium in the absence of exogenous hormones; ^ ^ 
Initially, the calli are selected on 50 mg/L kanamycin, later the sprouts on 100 mg/L";kanamycin, ,. 
Further treatment of the sprouts occurs as described above. J :*-«- r ; v : 

With acetosvringone induction . 

The overnight culture of agrobacteria is cultivated under antibiotic selection iri LB; * ff 
medium (pH 5.6) with 20 jiM acetosyringone (stock solution: 10 mM in DMSO). infection of tHe 
tobacco leaves occurs with 100 jaL of this culture in L + S medium (pH 5.6) with 20 pM , 
acetosyringone for two days. It is then further treated according to the first method. Selection on 
50 mg/L kanamycin begins after one week. * : 

2.6.3 Transient expression in tobacco mesophyll protoplasts 

Transformation of Nicotiana tabacum SRI protoplasts with naked DNA occurs slightly 
modified according to Prols (1986) with the calcium nitrate fusion method. 
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Younger leaves are cut to medium-sized pieces and digested overnight in the dark at 
about 24°C in enzyme solution (1% cellulase Onozuka RIO + 0.5% macerozyme in K 3 medium) 
(>0.4M sucrose, 600 mOs)). On the next morning, they are carefully shaken and digested for 
another 1 to 2 h. The solution is then passed through a 250-jim and a 100-^tm sieve and then 
floated two times with K3 medium and pelletized once with sea water (600 mOs). The 
protoplasts are set at a density of 5 x 1 0 6 cells/mL. 

200 |aL (1 x 10 6 protoplasts) of the suspension are transformed to a petri dish. For this 
purpose, 4 x 50 \xL drops of PEG solution are placed around the protoplast drops and the DNA 
solution furnished to the protoplasts; with a larger volume of DNA solution, the amount of PEG 
solution is increased accordingly. This is then carefully mixed with the protoplasts and incubated 
for 20 min. 5 mL of the wash solution are then added dropwise, the entire liquid filled into a 
centrifuge tube and allowed to stand for 10 min. The protoplasts are centrifuged off, taken up in 
3 mL of K 3 medium + 1 mg/L NAA + 0.2 mg/L kinetin and filled into a small petri dish. After a 
few hours, the protoplasts are separated from each other and cultivated in the dark for three days 
at 24°C. They are then centrifuged with at least one volume of a 0.24M CaCl 2 solution and 
further processed as described for the different analysis methods. 

K 3 medium (Kao et al, 1974: Nagy and Maliga, 1976): 



150 mg/L 
50 mg/L 
900 mg/L : 
2500 mg/L 
250 mg/L 
134 mg/L. 
250 mg/L 
27.8 mg/L 
37.3 mg/L 



NaH 2 P0 4 xH 2 0 
CaHP0 4 
CaCl 2 x2H 2 0 

h NH4N0 3 

(NH4)2S04 

^•* e%r NigS04x7H 2 0 
FeS0 4 x7H 2 0 
: ' Na 2 EDT A 
*" myo-inositol 
.p.:aes Nicotinic acid 
• • - "Pyridoxine hydrochloride 

Thiamine hydrochloride 
r r ' Xylose 

>0.4M sucrose, 600 mOs, pH 5.6 
PEG solution: 

0.1MCa(NO 3 ) 2 
0.45M mannitol 
25% PEG 6000 



MnS0 4 x H 2 0 
H 3 B0 3 
ZnS0 4 x H 2 0 
Na 2 Mo0 4 x 2H 2 0 
GuS0 4 

CoCl 2 x6H 2 0 



10 mg/L 
3 mg/L 
2 mg/L 
0.25 mg/L 
0.025 mg/L 
0.025 mg/L 



100 mg/L 
1 mg/L 
1 mg/L 
10 mg/L 
250 mg/L 
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0.1MHEPES,pH9.0 
Wash solution: 

0.275M Ca(N0 3 ) 2 , pH 6.0 

2.6.4 Stable transformation of tobacco mesophyll protoplasts 
Transformation of SRI leaf protoplasts occurs as described under 2.6.3. 

They are cultivated initially for 3 days in the dark, then in the light. A week after 
transformation, the regenerating protoplasts are embedded in agarose (1:1 (vol) with 
1 .2% SeaPlaque low-melting agarose in K3 medium (>0.4M sucrose, 600 mOs) with 
1 mg/L NAA and 0.2 mg/L kinetin). After solidification of the agar block, this is divided into 
quarters and transferred to a large petri dish. The agar disks are placed in K3 medium with 
0.4M sucrose with hormones so that they are rinsed by the liquid medium. After 1 week the 
sugar content of the liquid medium is reduced by 0.05M sucrose until a value of 0.15M sucrose 
is reached. Aweek after embedding, selection for kanamycin begins (50 mg/L). After about 6 to 
8 weeks, small calli should be visible, which are then removed from the agarose and further 
cultivated as described under 2.6.2. 

2.6.5 Induction of pT R and pNOS in plant tissue 
Standard method for sterile culture: 

Leaves: .Theleaves are cut off, carefully cut into small pieces with a scalpel and placed 
with the top-down on solid M + S medium with Claforan and 10" 5 M (2 mg/L) 2,4-D, as well as 
10" 5 M (2 mg/L) kinetin (1:1 hormone) and incubated for 5 or 6 days. 

StemS 5 The stems are divided into roughly 1 -cm-long segments, these are cut lengthwise 
and placed 'with'- the cutting surface down on solid M + S medium with Claforan without 
additives and incubated for 5 or 6 days. 

Standard method for greenhouse plants: 

Leaves? The leaf surface is roughened, for example, with a toothbrush and damaged in so 
doing, whereupon a solution of the aforementioned 1:1 hormone is sprayed on. On the two 
subsequent days the damaged leaves are sprayed with water. After 2 to 5 days, the induced 
leaves are cut off. 

Test method for induction analysis: 

Leaves and stem pieces are investigated in sterile culture according to the aforementioned 
methods with varying times (5 min to 6 days) and different additives (none, different hormone 
concentrations, different hormone concentrations and ratios, acetosyringone). Intact leaves and 
leaf pieces are used in a liquid and solid medium. The optimal concentrations are described 
above. 
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2.7 Methods of recombinant DNA technology 
2.7.1 Isolation of plasmid DNA from E. coli 

Cloned plasmid DNA from E. coli bacteria is modified according to Bimboim and Doly 
(1979) and isolated. 

— Minipreparation: 

The bacteria are cultured in a 5 mL overnight culture (LB medium) at 37°C under 
antibiotic selection. 1.5 mL of this are filled into an Eppendorf vessel and centrifuged. The pellet 
is resuspended in 100 yL of solution I, mixed with 10 nL of solution II and incubated for 10 min 
at room temperature. 200 |iL of solution III are then added, mixed on the vortex and left to stand 
on ice for 5 min, then precipitated with 150 |aL of cold solution IV, left to stand for 5 min on ice 
and then centrifuged. The supernatant is treated once with the same volume of 
phenol/chloroform/isoamyl alcohol 25:24:1 and precipitated with 0.1 vol of 3M NaAc pH 5.0 
and 2 vol of ethanol. After centrifuging, it is washed with 70% ethanol and dried, and the pellet 
is taken up in 30 |aL of TE. About 5 |*L of this are used per digestion. 
Solution I: 10% (w/v) glucose 
lOmMEDTA 
25 mM Tris-HCl, pH 8.0 
Solution II: 50 mg/L lysozyme in solution I 
^ - Solution HI: 0.2MNaOH ; 

l%(w/v)SDS ' 
Solution IV: 3M NaAc, pH 4.8 : 
'fjjK.s t r. :.\ Maxipreparation: 

m^-^-The bacteria are cultured in a shaking culture for about 20 h at 37°G in LB medium under 
^'antibiotic selection. The bacteria are harvested by centrifuging for 20 min at 3500 G, 
r Vesukjpended in 10 mL of solution I/L of culture and lysed with 3 mL of solution JUL of culture. 
1 Thi£ is incubated at room temperature for 3 0 1 to 60 min. After addition of 3 mL of 0.5M EDTA/L 
^'bf tiilture, it is allowed to stand for 10 riiin at room temperature. After addition of 40 mL of 

solution III/L of culture, it is carefully mixed and incubated at room temperature for 15 to 
- 30 min. It is centrifuged in polycarbonate tubes for 1 h at 65,000 G and 10°C. The clear 
supernatant is mixed with 0.97 g CsCl/mL and 0.083 mL EtBr (5 mg/mL)/mL and the plasmid 
DNA purified over two gradients. After dialysis versus water overnight, it is precipitated with 
alcohol, extracted twice with phenol/chloroform/isoamyl alcohol 25:24:1, precipitated with 
ethanol, washed with 70% ethanol, dried and dissolved in TE buffer. The concentration is 
determined via A 2 6o. A 2 6o = 1 corresponds to 50 \xg DNA/mL. 
Solution I: 25% (w/v) sucrose 
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50mMTris-HCl,pH7.5 

2.5 mM EDTA 
Solution II: 10 mg lysozyme/mL in solution I 
Solution m: 0.4%(w/v)SDS 

50mMTris-HCl,pH7.5 

62.5 mM EDTA 

2.7.2 Isolation of total DNA from agrobacteria 

The agrobacteria total DNA is isolated from 5 mL of a two-day culture (28°C) in YEB or 
LB medium. The pellet is washed with 1.5 mL of 5M NaCl and resuspended in 300 |iL of TE. 
100 \xL of a 5% (w/v) sarcosyl solution in TE and 100 ^L of a predigested proteinase K solution 
(5 mg/mL) are added and digested for 2 h at 37°C. The DNA is then sheared by six- to eight-fold 
drawing through a 21 g cannula and extracted twice with phenol/chloroform/isoamyl alcohol 
25:24: 1 and washed with 70% ethanol. After drying, the DNA is dissolved in 100 |iL TE and 
10 |iL of this is used for restriction digestion. The DNA is precipitated and stored under ethanol 
at 4°C. -V — 

2.7.3 Cloning methods 

The fundamental methods are essentially performed according to Maniatis et al. (1982). 

Recombinant plasmids are transformed in the competent cells (modified according to 
Maniatis et al., 1982,:RbGl 2 imethod), pBR 322 and pAP 2034 derivatives in DH I or 71-18, 
pUC 9 derivative in 7fe 1.8; Transformation occurs in slightly modified, fashion by a temperature 
shock (42°C) accordiiigitp Dagert and Ehrlich (1979). Bacteria with recombinant plasmids are 
selected for antibiotic resistance. For identification of the sought clone, plasmid DNA is isolated 
with a minipreparation (see 2.7.1), digested with appropriate restriction enzymes and separated 
in agarose gels with Ixi TOE: buffer (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA). 
A.-DNA digested with Est T generally serves as the size marker. 

Employed plasmids:; 

pBR 322 (Bolivar et al., 1977) ' 
pUC 9 (Vieira and Messing, 1982) 
pAP 2034 (Velten and Schell, 1 986) 

Restriction digestions of DNA are conducted according to the information of the enzyme 
producing companies. The isolation of DNA fragments from agarose gels occurred by 
electroelution in a dialysis loop in 0.5x TBE. The DNA is purified in a DEAE column (DE 52, 
Schleicher & Schuell) and eluted with 1M NaCl. The eluate is eluted with phenol/chloroform/ 
isoamyl alcohol 25:24:1 and precipitated with ethanol. 
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Ligations occur overnight at 1 5°C with 2 units T4 DNA ligase in 20 mM Tris-HCl, pH 
7.6, 10 mM MgCl 2 10 mM DTT, 0.6 mM ATP in final volumes of 20 uL (about 1 p.g DNA). 

Fill in reactions with about 2 ug DNA are conducted with 10 mM dNTPs and 5 units 
DNA polymerase I Klenow fragment in 50 mM Tris-HCl, pH 7.2, 10 mM MgSO 4 0.1 mM DTT 
and 50 ug/mL BSA in final volumes of 75 uL for 30 min at room temperature. 

Commercial linkers are acquired either in phosphorylated form or phosphorylated before 
ligation with T4 polynucleotide kinase. For this purpose, 2 ug of linker are incubated with 2 
units of enzyme in 70 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 -5 mM DTT, 0.5 mM ATP for 
45 min at 37°C in a final volume of 20 pX. 

For linker ligation, 2 ug of filled in DNA and 1 .5 ug phosphorylated linkers with 2 units 
T4 DNA ligase and 1 unit T4 RNA ligase are cultured overnight at 15°C. This is then extracted 
with phenol/chloroform/isoamyl alcohol 25:24:1, precipitated with ethanol and then "opened" 
with the corresponding restriction enzyme of the linker. After digestion, it is extracted with 
phenol/chloroform/isoamyl alcohol 25 :24: 1 and selectively precipitated with isopropanol. Only 
fragments >1 kB are precipitated with 0.55 vol isopropanol, with 0.6 vol from about 1 kB and 
larger unligated linkers remaining in solution. For this purpose, 2.5 uL of 0.5M EDTA/100 uL of 
reaction solution are added, mixed with isopropanol and allowed to^stand for 30 min at room 
temperature. This is then centrifuged and washed with 70% ethanol. 

Synthetic oligonucleotides were mechanically produced according to the 
phosphoramidite method at the Institute of Genetics at Cologne University. The work-up was as 
follows: The reaction solution after cleavage of the protectingrgroups is divided into 100-p.L 
aliquots and ammonia evaporated overnight in an exhaust, meri4y©philized in the Speed-vac and 
taken up again in 10 pX water. Purification occurs over a 20%^8Mkirea.polyacrylamide gel. The 
probes are then denatured for 2 min at 95°C, cooled on ice and placed oh formamide-sampled 
buffer (80% formamide, 50 mM Tris-HCl, pH 8.3, 0.1 M EDTA, 0.03% (w/v) bromophenol blue) 
and lx TBE. The gel runs overnight with 450V. It is stained with lOuLethidium bromide 
(5 mg/L)/100 mL for 45 min in lx TBE. The strongest and generally also the uppermost band is 
cut out on the transilluminator and eluted overnight in the roller with 0:5M NHtAc, 1 mM EDTA 
at 37°C. To eliminate gel particles, it is filtered through sterile glass wool precipitated for one 
day at -70°C with ethanol, then washed twice with 70% ethanbly dried and dissolved in H 2 0. For 
ligation, the two complementary oligonucleotides are phosphorylated together in a solution with 
T4 polynucleotide kinase and ligated in the same charge after addition of DNA with T4 DNA 
ligase. 
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2.7.4 Southern blot 

With nitrocellulose (conventional blot): 

The DNA being analyzed is digested with the appropriate restriction enzyme and 
separated on an agarose gel in lx TBE (89 mM Tris-borate, 89 mM boric acid, 2 mM EDTA). 
For depurination, it is washed twice for 15 min with 0.25M HC1, then denatured for 45 min with 
1 .5M NaCl/0.5M NaOH and neutralized for 45 min in 1M Tris-HCl, pH 7.0/1 .5M NaCl. 
Transfer of DNA to nitrocellulose (Schleicher & Schuell BA 85, 0.45 \xm) occurs according to 
Southern (1975) and Maniatis (1982) by capillary blotting in 20x SSC 6 h to overnight. After 
blotting, the filter is briefly rinsed in 6x SSC, dried in air and baked for 2 h in a vacuum furnace 
at 80°C. 

20x SSC: 0.3M sodium citrate, 3M sodium chloride, pH 7.0. 
With Immobilon PVDF (alkaline blot): 

In this case, the agarose gel after the run is also depurinated in large fragments 
(lx 15 min 0.25M HC1) and then denatured for 30 min in 0.4M NaOHv-Transfer occurs in the 
same buffer. The Immobilon membrane (Millipore) is moistened briefly ^ methanol and the 
methanol substituted by immersing in water (about 2 min), and then the filter is equilibrated in 
the blotting buffer. The blot is constructed as usual and allowed to stand overnight. After 
blotting, the filter must be washed for 2 min in 2x SSC so that a neutral pH value is reached, 
since otherwise brown coloration of the filter occurs during baking. For fixation of the DNA, 
there are two possibilities to chose from: either baking for 2 h in a vacuum : fiirnace at 80?C as in 
nitrocellulose, after the filter was dried at room temperature, or placin&the moist filter for 4 min 
on a transilluminator. .: v& -Vl^yy. • . 

2.7.5 Hybridization of filter-bound plasmid and agrobacteria DNA wM biotin-labeled samples 
During use of biotinylated probes, phenol must not be used for^extraction, since they 

preferably migrate into the phenol phase! ' ■i'?M-MV f r : : ' ' 

— Biotinylation of DNA fragments by nick translation: ? : ,ai;r f r ' 
In an Eppendorf vessel 5 uL Sol A4 (0.2 mM dATP, 0.2 mM dqTP,;p,2 mM dGTP, 
500 mM Tris-HCl, pH 7.8, 50 mM MgCl 2 , 100 mM 2-mercaptoethanol), 2.5 >iL 0.4 mM biotin 
1 1-dUTP (BRL) and DNA are combined with 5 uL nick translation-grade DNA polymerase 1 
(BRL) in a total volume of 50 uL. This is incubated for 60 min at 15°C, then the reaction 
terminated with 3 u.L 0.5M EDTA and 1.25 uL 5% (w/v) SDS. Precipitation is done twice with 
ethanol to eliminate free nucleotides. 

— Biotinylation of DNA fragments by oligolabeling (modified according to Feinberg and 

Vogelstein, 1983/1984): 



36 



The random primed DNA labeling kit from Boehringer is used. 25 ng to 1 ug DNA are 
denatured for 10 min at 95°C and cooled on ice. 1 uL of the dATP, dCTP and dGTP solutions 
(5 mM), 1.4 uL of a 1:0.6 dTTP/bio-ll-dUTP mixture (5 uL 0.5 mM dTTP + 3.75 \iL 0.4 mM 
bio-1 1-dUTP), 2 uL of reaction mixture and 1 uL of Klenow enzyme are added and allowed to 
react in a total volume of 20 uL for 2 h at 37°C. The reaction is stopped by adding 1 uL of 0.5M 
EDTA and 10 min of heating at 65°C. 

— Hybridization with biotinylated DNA probes: 

Nitrocellulose filters are moistened in water, Immobilon filters are wetted in methanol 
and substituted in water and then prehybridized for 2 h at 42°C in hybridization buffer 
(5 mL/100 cm of filter) with heat-denatured (10 min at 95°C) sonicated calf thymus DNA 
(300 ug/mL of buffer). Overnight hybridization is done in fresh hybridization buffer (2 mL/100 
cm filter) with the heat-denatured (10 min at 95 °C) DNA probe and sonicated calf thymus DNA 
(100 |Ag/mL of buffer). The washings (stringent) are as follows: 2x3 min in 2x SSC/0.1% SDS 
at room temperature, 2 x 3 min in 0.2x SSC/0.1% SDS at room temperature and 2 x 15 min in 
0^16x SSC/0.1% SDS at 50°C. After brief rocking in 2x SSC at room temperature, itis^eMef-:^ 
detected or dried in air. : : v * 

Hybridization buffer: " 

45% (v/v) formamide - • - : 

5x SSC ■ ' 

[ SxDenhardt : '- ■ ^ ■^^mm^ 

(lx Denhardt = 0.02% (w/v) BSA, PVP 360 and Ficoll 400) m^m&^- 

— Detection of biotinylated DNA on nitrocellulose or Immobilon filters: - , :-->aig09&ii«&-; 

The filter is washed or moistened in TBST for 1 min and blocked for 1 h mn®St^l# v 
gelatin (Bio-Rad). It is then incubated for 20 min with a streptavidin-alkaline phosphata§e*-i^ 
conjugate (BluGene kit, BRL), 1:1000 in TBST, and then washed 2x 10 min in TBST and^' f " ^ 
2 x 5 min in AP buffer. For detection, 15 |iL NBT (50 mg/L in 70% DMF, Sigma) aiid-BCIP & 
(25 mg/L in DMF, Sigma) in 5 mL AP buffer are added and the filter developed in if fofr30 min 
to overnight in the dark. At longer development times the color solution (always freshly ^ - " - 
prepared) should be changed. The color reaction is terminated by washing in water and drying of 
the filter in air. In nitrocellulose filters, the color intensity can diminish sharply. ImmSbileh 
filters decolor slightly on rewetting in methanol. 

TBST buffer: 10 mM Tris-HCl, pH 8.0 
150mMNaCl 
0.05% Tween 20 (Serva) 

AP buffer: 100 mM Tris-HCl, pH 9.5 
lOOmMNaCl 
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5 mM MgCl 2 in twice distilled H 2 0 

2.8 Preparation of affinity-purified polyclonal antibodies against T4 lysozyme 

2.8.1 Immunization of rabbits with T4 lysozyme 

For the injection the protein is homogenized in 0.5 mL 2x PBS and 0.5 mL Freund f s 
adjuvant by means of ultrasound (lx PBS = 100 mM NaP0 4 , pH 7.2 and 150 mM NaCl). The 
first injection with 400 jag protein in 0.5 mL 2x PBS and 0.5 mL Freund's complete adjuvant is 
done subcutaneously into the back of the rabbit. After 3 weeks reimmunization is carried out 
(first booster dose) with 100 ^ig protein in 0.5 mL 2x PBS, 0.25 mL Freund's complete adjuvant 
and 0.25 mL Freund's incomplete adjuvant, also subcutaneously. The third injection (second 
booster dose) after another 2 weeks is administered into the thigh. It contains 200 ng T4 
lysozyme in 0.5 mL 2x PBS and 0.5 mL Freund's incomplete adjuvant. 1 and 2 weeks after the 
second booster dose, blood is taken and tested, 7 to 1 5 mL of serum being obtained from 15 to 
30 mL. The subsequent immunization scheme is as follows: after each second blood sample . 
2 weeks of rest time is allowed. After each additional booster dose (200 jag protein in 0 J.mL^.;^.- 
2x PBS and 0.5 mL Freund's incomplete adjuvant in the thigh), one and two weeks later,, blood is 
taken (30 mL each at a time) and a resting time of 2 weeks then interposed before the next; 
booster dose. During each blood sampling, the blood is allowed to stand for 3 to 4 h at roonv 
temperature and the blood cake loosened from the wall and then incubated further at 4°C. The 
serum is transferred through a fresh tube (Falcon) and centrifiiged for 15 min at 800 rpm * v ^ 
(Heraeus Christ Centrifuge) and 4°C. In a fresh tube, it is centrifiiged one more time forJSm^u 
at 4000 rpm and 4°C. The serum is frozen at -20°C for storage. 

2.8.2 Enrichment of IgG fraction from blood serum 
The same volume of saturated ammonium sulfate solution in lx PBS is added to v the-.y . ; . 

serum dropwise on ice during agitation (50% saturation) and further agitated for 30 min. Agpp^.. 
centrifuging, the pellet is washed once with a 50% saturated ammonium sulfate solution in -M^ 
PBS and dissolved in the original volume of serum in lx PBS. To eliminate ammonium sulfate, 
it is dialyzed extensively versus lx PBS at 4°C. > 

2.8.3 Coupling of T4 lysozyme to CNBr-activated Sepharose 4B 

0.5 g of the freeze-dried material (Pharmacia) is suspended in 1 mM HC1 and the swollen 
gel (1 .7 mL gel volume) washed after 1 5 min with 150 mL 1 mM HC1 on a G3 glass frit. 8 mg 
T4 lysozyme are dissolved in 2.5 mL coupling buffer (0.1M NaHC0 3 , pH 8.3, 0.5M NaCl) and 
incubated with the prepared gel during slow rotation for 2 h at room temperature. The excess 
protein is washed away with the coupling buffer. The free active binding sites are saturated with 
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the blocking buffer (0.2M glycine, pH 8.0), for which purpose it is also slowly rolled for 2 h at 
room temperature. With four washing cycles of alternating pH value with 0.1M acetate buffer, 
pH 4.0 + 0.5M NaCl, on the one hand, and coupling buffer, on the other hand, the gel is purified 
and equilibrated with 0.1M Tris-HCl, pH 8.0 + 0.5M NaCl. The finished gel is stored at 4°C with 
0.01 % thimerosal (= Merthiolate). 

2.8.4 Purification of IgG fraction on protein A-Sepharose CL-4B 

The IgG molecules are selected via a protein A column from the IgG fraction (see 2.8.2) 
enriched from the blood serum by ammonium sulfate precipitation. 1 .5 g of the freeze-dried 
column material (Pharmacia) are suspended in the application buffer (0.1M NaP0 4 , pH 7.2) and 
washed with 300 mL of the same buffer after 15 min on a G3 glass frit. The swollen material is 
filled into a coolable column and washed with the application buffer and with elution buffer 
(0.1M glycine, pH 3.0) and equilibrated with the application buffer. The probe being applied is 
purified by centrifuging of the particles and discharged. Nonspecific material is washed out with 
.theiapplication buffer, then the immunoglobulin G is separated with the elution buffer. The acid 
eluate is immediately neutralized with 0.1 vol 1M Tris-HCl, pH 8.5. In an Amicon cell with a 
PM30 membrane, the eluate is desalted and rebuffered on TBS (10 mM Tris-HCl, pH 8.0, 
v.150 mM NaCl). The protein concentration is determined according to Bradford (1976). 

^8^5* r "Affinity purification of antirT4 lysozyme antibodies on Sepharose 4B-coupled T4 

'm^ri&tmg of protein A-purified jitimunqglobulins G (see 2.8.4) are incubated for 2 to 3 h at 
fitooatemperature under slight rotation of PBS per 1 mg of the Sepharose 4B-coupled T4 

lysozyme (see 2.8.3). This suspension is poured into a Pharmacia CI 0/20 column (4C) and 
- washed with TBS. A small fraction of nonspecifically absorbed material is eluted with TBS + 
;-«^aCl: After removal of the salt by washing with TBS, the specifically bound IgG fraction is 
* eluted with 0.1 M glycine, pH 2.8. The acid eluate is immediately neutralized with 0.1 volume of 
-IMiTrisrHCl, pH 8.5 and desalted in an Amicon cell with a PM30 membrane and rebuffered on 

PBS. The protein content is measured according to Bradford (1976) and set at 0.5-1 mg/mL. The 

affinity gel is removed from the column, washed on a G3 glass frit with 10 mM HC1 (pH 2.0) 

and reequilibrated with TBS (addition: 0.0 1 % thimerosal). 




Figure n/1 . Purification of anti-T4 lysozyme antibodies on a protein A 

Sepharose column, elution profile. First peak: nonspecifically bound material, r .v^^;,^.. 
second peak: specifically bound IgG antibodies. ^ ,. 
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Figure n/2. AfSnity purification of anti-T4 lysozyme antibodies on 
Sephatdisercdupled T4 lysozyme, elution profile. First peak: nonspecifically 
bound: materia second peak: specifically bound anti-T4 lysozyme antibodies. 

2.9 Transformation analysis of regenerated plant material 
2.9.1 Nopaline test 

; E)dtfe£tibn of nopaline occurs according to Otteri and Schilperoort (1978). 
For callus: 

About 20 mg callus material are digested in 10 (iL cold extraction buffer (0.1M Tris-HCl, 
pH 8.0, 6.5M sucrose, 0.1% ascorbic acid, 0.1% cysteine hydrochloride) and centrifuged. 10 jxL 
substrate solution (0.2M NaP0 4 , pH 6.8, 60 mM arginine, 60 mM a-ketoglutarate, 16 mM 
NADH) are added to 10 |iL of the supernatant and incubated in the dark for 3 to 4 h. The entire 
charge is taken up on Whatman 3MM paper and separated electrophoretically (400 V, 90 min) 
using commercial nopaline (Calbiochem) as a reference. The electrophoresis buffer is formic 
acid/acetic acid/water (5:15:80); nopaline migrates to the cathode. After drying it is stained with 
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a 1:1 solution prepared from 0.02% phenanthrenequinone in ethanol and 10% NaOH in 60% 
ethanol and nopaline appears as a light-yellow fluorescent spot. 
For plants: 

The amount of nopaline formed in the plant material is sufficient in order to be detected 
directly. The test is therefore simplified as follows: About 10-20 mg of leaf are cut off and 
digested in 10 uL cold extraction buffer and centrifuged. The supernatant is directly applied to 
Whatman 3MM paper. The subsequent process remains the same. 

2.9.2 Neomycin phosphotransferase II test (NPT II test) 

Analysis occurs according to Reiss et al. (1 984) and Schreier et al. (1 985). 
50-100 mg plant material are homogenized in 50 uL extraction buffer on ice. After 
centrifuging, the supernatant is applied to a native 10% polyacrylamide gel with collection gel. 
The gel is allowed to run at 70 V at 4°C. The gel is washed 2x 15 min in H 2 0 and at least 30 min 
in reaction buffer and then coated with an agarose gel containing NPT II substrate (1% agarose 
in reaction buffer, 0.1% kanamycin sulfate (Sigma) and 200 \id y- 32 P-ATP). After 30 min . 
incubation time at room temperature, a sheet of Whatman P81 phosphocellulose paper, four. - 
layers of 3MM paper and some paper towels are placed on the agarose layer and blotted for 
about 4 h. For reduction of the nonspecific background of transferred phosphorylated proteins, 
the P81 paper is treated at 65°C for 30 min with proteinase K and SDS. It is then washed 4x 10 
min with phosphate buffer at 80°C, dried under vacuum at 80°C between filter paper and the 
filter exposed to x-ray film at -70°C. 

Extraction buffer: 10% (w/v) glycerol 

5% (w/v) 2-mercaptoethanol - / 

0.1% (w/v) SDS — • - 

62.5 mM Tris-HCl, pH 6.8 

0.025% bromophenol blue ..c; : , . 

Reaction buffer: 67mMTris-maleate,pH7.1 ■..:.?.*:.. 

42 mM MgCl 2 

400 mM NH4CI 
Proteinase K solution: 2 mL 10% (w/v) SDS 

1 8 mL proteinase K (1 mg/mL) 
Washing buffer: 10mMNaPO4,pH7.5 
Work-up of protoplasts for NPT test: 

The protoplasts are carefully centrifuged with 0.24M CaCl 2 solution, filled into an 
Eppendorf vessel and concentrated again briefly in a Heraeus Christ tabletop centrifuge, the 
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residue removed and 50 pX cold extraction buffer added on ice, well homogenized with a small 
amount of sand. Subsequent analysis occurs as described. 

2.10 DNA analysis of transformed plants by Southern blotting 

2.10.1 Isolation of genomic plant DNA (M. Wassenegger, personal communication) 
About 300-500 mg leaf are kept overnight at 4°C in 300 pX HBT buffer and 

homogenized on a mortar on ice for starch degradation. The homogenate is taken up in 10 mL 
HBT buffer and filtered through a double layer of Miracloth (Calbiochem) in a centrifuge tube. 
The mortar and Miracloth are rinsed with an additional 5 mL HBT buffer and 15 mL HBT buffer 
is directly added to the centrifuge tube. After careful agitation, it is allowed to stand for 10 min 
on ice so that the chloroplasts can be exposed to the effect of Triton X-l 00. In a Heraeus Christ 
centrifuge, the nuclei are pelletized within 10 min at 3000 rpm. The supernatant is poured off, 
the tube allowed to drain by rotation and the remaining HBT buffer wiped dry on the edge. The 
pellet is resuspended in 600 jiL RBS buffer and transferred to an Eppendorf vessel. 50 uL of a 
proteinase K solution^ (iO' mg/mL in RB buffer) is added and incubated for 4 h at 37°C. This is 
shaken once'c^fi^wiiK 600 -pL phenol then again with 600. uL phenol/chloroform/isoamyl 
alcohol (25:24:1). The supernatant is mixed with 0.1 vol of 3M NaAc, pH 5.0 and 2 vol warm 
ethanol and mixed until the polysaccharide precipitate has dissolved again and a DNA filament is 
visible. After 10 min of centrifuging, the pellet is washed once with warm 70% ethanol and air 
dried, then the DNAis dissolved overnight at 4°C in 80 uL TE buffer. ... 

The concentration is determined by means of A260 with a; 5-jiL aliquot (A260 = 
1 :50 ng/mL). The genomic plant DNA is stored at 4°C..10.p.gpfJDNA .are digested in a total 
volume of 400 ulovemrght at 37°C with 100 units of restriction- enzyme with the addition of 
RNase, extracted ohce'« alcohol (25:24:1) and precipitated with 

NaAc and emanbl- T^ie pellet is dissolved in 20 pL of water. 
HBT buffers -> 0.3M sucrose 

' ■■'•'S ■'>.*;■■ ■■■■ 5mMMgCl 2 :r .. 
" - ? 4j f • ' / 50 mM Tris-HCl, pH 8.0 ; j . . 
1% Triton X-100 
RB buffer: " 30 mM Tris-HCl, pH 8.0 

lOmMEDTA 
RBS buffer: 30 mM Tris-HCl, pH 8.0 

lOmMEDTA 
1% sarcosyl 

2.10.2 Hybridization of filter-bound genomic plant DNA with radioactively labeled probes 
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The DNA digested with restriction enzyme is transferred by Southern blotting to a 
nitrocellulose filter as described under 2.7.4. 

- Radioactive labeling of DNA fragments by oligolabeling (Feinberg and Vogelstein, 
1983/1984) (see 3.4) 

The probe is labeled by oligolabeling with 50 p.Ci a- 32 P-dCTP. For this purpose, 25 ng 
DNA are denatured for 10 min at 95°C and cooled on ice. 1 uL of each of the dATP, dGTP and 
dTTP solutions is added (0.5 mM), along with the a- 32 P-dCTP, 2 pX reaction mixture and 1 uL 
Klenow enzyme (Boehringer Random Primed DNA Labeling Kit) and allowed to react in a total 
volume of 20 uL for 1 h at 37°C. The reaction is stopped by 5 min of heating at 95°C. 

- Hybridization with radioactively labeled probes: 

The nitrocellulose filter is moistened in water and prehybridized for 2 h at 42°C in 
hybridization buffer (5 mL/100 cm 2 filter) with heat-denatured (10 min 95°C) sonicated calf 
thymus DNA (300 ug/mL of buffer). It is hybridized overnight in fresh hybridization buffer ; . 
(2 mL/100 cm 2 filter with jointly heat denatured (10 min) DNA probe and sonicated calf thymus 
DNA (100 ug/mL of buffer). The filter is washed 3x 30 min in 3x SSC/0.5% SDS at 68°C,^ , , 
rinsed at 3x SSC at room temperature and air-dried. Exposure occurs overnight up to a few^d^ys. 

Hybridization buffer: ^ ; . 

. 50% (w/v) formamide ; .. v.^'m;,; 

5x SSC 

5x Denhardt ^teftrn 
(1 x Denhardt = 0.02% (w/v) BSA, PVP 360 and Ficoll 400) 

2J11 RNA analysis of transformed plants by Northern blotting ••bc^'a«!t 
2:1 1.1 Isolation of total PNA from plants (Logemann et al., 1987) ' . i? cci! 

About 250 mg of leaf are homogenized in 200 uL Z6 buffer with sand and frozen in 
liquid nitrogen. They are then homogenized again and briefly agitated after addition ofan. 
additional 200 uL Z6 buffer. After centrifuging the supernatant is removed and the pellet ;.. • 
reextracted with 200 uL of Z6. The combined supernatants are extracted with 1 vol v , t 
phenoychloroform/isoamyl alcohol (25:24:1) and the RNA selectively precipitated with 0.7 vol 
ethanol and 0.5 vol 1M acetic acid. For this purpose, it is allowed to stand at -20°C overnight. 
The RNA pellet is washed once with cold 3M NaAc, pH 5.0 and once with cold 70% ethanol. 
The liquid is carefully removed and the RNA taken up in 100 uL H 2 0. If the RNA is not fully 
dissolved at room temperature, it is briefly heated to 56°C. With a 5-pX aliquot, the 
concentration is determined via A 26 o (A 26 o = 1:40 ug/mL). The RNA solution is stored at -20°C. 

Z6 buffer: 

8M guanidine hydrochloride, pH 7.0 



20 mM MES 

20 mM EDTA 

50 mM 2-mercaptoethanol 



2.1 1 .2 RNA formaldehyde agarose gels 

50 ^xg total RNA are precipitated from the optically measured solution (see 2.1 1 .1) with 
0.1 vol 3M NaAc, pH 5.0 and 2 vol ethanol, centrifiiged and the liquid well removed. The pellet 
is briefly dissolved in 20 |aL H 2 0 at 56°C, denatured with 20 \xL formamide, 6 \xL 
37% formaldehyde and 4 |iL lOx MEN buffer 15 min at 56°C. 5 blue marker are then added 
to the coating for this purpose. For a formaldehyde-agarose gel, 6 g agarose are dissolved in 
300 mL H 2 0 and cooled to 60°C. After addition of 65 mL 37% formaldehyde and 40 mL 
lOx MEN buffer a bridge gel is cast and cooled at 4°C. After heating to room temperature, the 
probes are loaded and the buffer reservoir filled with lx MEN buffer. The gel runs 30 mA . 
(120 V) for about 4 to 5 h. When the probes are run, the coating wells are filled with lx MEN 
buffer and the gel surface covered air bubble-free with preserving film. After each hour the •■ r 
contents of the two buffer reservoirs are mixed in order to prevent formation of a pH gradient.; , 
The gel can be stained in 500 mL 50 mM NaOH with 200 |iL ethidium bromide (10 mg/mL) for 
30 min at room temperature. It is decolored by repeated washing in 10 mM phosphate buffer, pH 
7.0 after 4 to 5 h and the RNA is visible under UV light. 

lOx MEN buffer: - 
10mMMOPS,pH7.0 vi f irfv ; 
50 mM NaAc , : ^ * 

10 mM EDTA ; ^ ■ ;; 

2. 1 1 .3 Hybridization of filter-bound RNA with radioactively labeled probes .: W1 
RNA- formaldehyde gels are blotted without any additional pretreatment. Transfer fa . the 

nitrocellulose or Immobilon membrane occurs as described for the Southern blots (see 2.7.4), -. 
After completed transfer, the filter is air-dried without washing (5 min) and baked in a vacuum , 
furnace for 2 h or fixed for 4 min on a transilluminator. Hybridization occurs under the same 
conditions as for the Southern blot (see 2. 1 0.2). 

2. 1 1 .4 Isolation of total RNA from protoplasts 

For isolation of RNA from protoplasts, these are resuspended after mild centrifuging in 
200 |iL Z6 buffer and frozen in liquid nitrogen. After thawing on ice, RNA isolation begins as 
described under 2.11.1 with homogenization. 
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2.12 Protein analysis of transformed plants 

2.12.1 Tissue printing (Cassab and Varner, 1 987) 

The rapid method serves to perform immunodetection with plant tissue directly without 
producing an extract. For this purpose, nitrocellulose is placed for 30 min in 0.2M CaCh and 
then dried on paper. Immobilon PVDF (Millipore) is wetted in methanol and substituted in 
TBST. The tissue is cut and placed with the cut surface on the prepared membrane and 
additionally pressed against the filter for 30 sec. It is then dried with hot air (in nitrocellulose) 
and detection begins as described in Western blotting in 2.12.10. In this method, which uses one 
spot from the total protein as the probe, it can be particularly important to initially incubate the 
employed antibody with wild type total protein extract in order to avoid cross reaction. 

2.12.2 Isolation of total protein from plants 

For probe preparation for direct coating on a denaturing SDS-PAA gel, the plant tissue is 
cut and miked with 10 cold 2x SDS probe buffer/10-30 mg and homogenized while cold. The 
cell fragments are centrifuged, the volume made up with H2O to lx SDS probe buffer 
concentration (total 20 jxL) and the supernatant heated for denaturation of the proteins before 
coating for:5rnin at 95°C. It is then centrifuged one more time. If protein determination is to be 
conducted (Bradford, 1976) a PBS extract (0.1M NaP0 4 , pH 7.2, 150 mM NaCl) must first be 
prepared in the same manner, since the SDS and DTT fractions interfere with these 
measurements in the SDS probe buffer. It is then made up with 2x SDS probe buffer. To inhibit 
proteases, a . combination of protease inhibitors must be added in this case (200 |am PMSF, 1 \iM 
leupeptin, 1 jiM pepstatin, 100 |iM EDTA). 

lx SDS probe buffer: 

75 mM Tris-HCl, pH 6.8 

1%SDS 

10% glycerol 

0.002% bromophenol blue 
100 mM DTT 

2.12.3 Isolation of total protein from protoplasts 

After isolation of protoplasts from the culture medium, these are frozen in 10 \xL 2x SDS 
probe buffer in liquid nitrogen. After thawing on ice, the protoplasts are homogenized with a 
small amount of sand, centrifuged and the supernatant adjusted to lx SDS probe buffer. Before 
application to the polyacrylamide gel, it is denatured for 5 min at 95°C. 

2.12.4 Isolation of protein from protoplast culture medium 



46 



The protoplasts are centrifuged with the smallest possible volume of 0.24M CaCh 
solution and the supernatant collected. These are introduced in 2-mL aliquots to the Centricon 10 
units (Amicon) and centrifuged at 4500 G and 10°C for about 2 h until a residual volume of 
about 50 \xh is reached. The combined concentrates of the aliquots enriched by ultrafiltration are 
rebuffered in the same manner once without 1.5-2 mL PBS buffer. The concentrate is collected 
in 2 min at 900 G and concentrated to about 10 |iL in the Speed- vac. After addition of 10 jaL 2x 
SDS probe buffer and heat denaturation (5 min 95°C), the probe is applied to an SDS-PAA gel. 

2.12.5 (NH4) 2 S0 4 precipitation of T4 lysozyme plant extract 

2 g of leaves of a transformed plant are homogenized in a mortar in 2 mL PBS 
(0.1M NaP0 4 , pH 7.2, 150 mM NaCl) with protease inhibitor (PI) (200 |iM PMSF, 
1 ^iM leupeptin, 1 jiM pepstatin, 100 \xM EDTA) and this washed with 8 mL PBS with Pis. After 
centrifuging, the pellet is washed with 3 mL PBS with Pis and an (NH4) 2 S0 4 precipitation is 
carried out. the 20-^40% saturated fractions are collected. For this purpose, 250 jiL of saturated 
ammonium sulfateMution in PBS/1 mL of extract are added on : ice during agitation (20% 
saturation) drtf^Se^d further agitated for 30 min for equilibration^ After centrifuging of the 
pellet, an additional 416 pL of saturated solution/mL of extract are added dropwise to the 
supernatant (40% saturation). The precipitated proteins are collected by centrifuging and the 
pellet washed with 40% saturated (NH4) 2 S0 4 solution in PBS. This protein fraction is dissolved 
in 2 mL PBS and exteftsiVely dialyzed versus PBS at 4°C. v ; • 

2.12.6 Coupling of polyclonal anti-T4 lysozyme antibodies to CNBr-ac t tivated Sepharose 4B 
As described' under 2.8.3, 200 jag of the affinity-purified (see 2.8,5) polyclonal anti.T4 

lysozyme antibody Is coupled to 0.4 g of the activated Sepharose. The finished material is 
suspended in a final volume of 3.5 mL, 50 \iL of which is sufficient for up to 500 mg of leaf 
material. " : " 

2.12.7 Affinity purification of exogenous proteins from plant extract 

The plant material is homogenized in a mortar during cooling with liquid nitrogen. The 
homogenate is filled into a Corex tube and the extraction buffer and PVPP added. 50 mg PVPP 
and 1 mL of lx PBS with protease inhibitors (Pis) (200 jiM PMSF, 1 yM leupeptin, 1 nM 
pepstatin, 100 jaM EDTA) are added per gram of tissue. As protection against oxidizing 
substances in the plant extract, 5 mM ascorbic acid is additionally introduced. In order to 
solubilize all the proteins present, i.e., even those enclosed by membranes, a detergent must be 
added. 1% Triton X-100 or preferably 10 mM CHAPS is suitable for this. After 15 min of 
extraction, the cell fragments are centrifuged at 10,000 rpm at 4°C When a detergent is used, the 
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extraction solution for affinity chromatography must be diluted to about 0. 1 % or 2 mM 
detergent. The supernatant is rolled on a Denley roller at 4°C to precipitate supersaturated 
oligosaccharides from 30 to 60 min and then centrifuged one more time at 4000 rpm and 4°C. 
The total amount of protein is equalized by a Bradford protein determination. The total protein 
solution is mixed with the affinity gel and incubated overnight at 4°C with slight rolling. The 
affinity gel is centrifuged at 4000 rpm and 4°C, the supernatant is discarded and the gel 
transferred with a small amount of buffer to an Eppendorf vessel. In this vessel, it is washed cold 
once with 1 mL lx PBS with Pis, once with 1 mL lx PBS/1 M NaCl + Pis and 3x with 1 mL lx 
PBS + Pis and the bound specific protein eluted with 0.1M glycine, pH 2.8 or for NP Sepharose 
with 10^M NTP-cap (3x 200 uL). The acid eluate is immediately neutralized with 0.1 vol 1M 
Tris-HCl, pH 8.0. The eluate is introduced to the Centricon 10 unit (Amicon) and concentrated 
by ultrafiltration and then desalted with H 2 0 and concentrated to about 50-75 uL. The volume of 
the probe is further reduced to about 10 uL in the Speed-vac. For this purpose, the same amount 
of 2x SDS probe buffer is added and the probe applied to a Western gel. : 

2.12.8 Western blotting ; . 

The prepared denatured probes are separated on a denaturing 10-15% discontinuous SDS 
polyacrylamide gel (system according to Laemmli, 1970). A minigel apparatus (8 x.8 cm) is 
used, and the gels are run under standardized conditions: 

For lysozyme analyses: 1 5% gel with 20 mA/max 200 V, 90 min : 

For antibody analyses: . ,i i : 

Light chain: 15% gel with 20 mA/max 200 V, 1 20 min ■ . 

Heavy chain: 10% gel with 20 mA/max 200 V, 70 min ■'■.•■-■■Ai? ]■>.. ■■■ 

The principles of Western blotting are described in Towbin (1979) arid Burhette (1981). 
A review is offered by Gershoni and Palade (1983). 

A new development of Western blotting, so-called semidry blotting, is used here 
(Kyhse-Andersen, 1984). An in-house apparatus is used, consisting of two carbon electrode 
plates mounted on aplastic support. Introduction occurs precooled in a cool room at 4°C. After 
the run, the polyacrylamide gel is equilibrated for 30 min at room temperature in the blotting 
buffer. The blot is constructed as follows: the lower electrode is the cathode, three layers of 
Whatman 3MM paper, which are immersed in the blotting buffer are placed on it cut to the 
correct gel size, and then the gel is positioned free of air bubbles and then a nitrocellulose filter 
(Schleicher & Schuell BA 85, 0.45 um) in gel size or a hydrophilic Immobilon PVDF membrane 
(0.45 p-m, Millipore) and another three immersed 3MM papers. The seal is formed by the anode 
plate. The entire structure must be free of air bubbles in order to achieve uniform transfer. In 
order to achieve uniform contact of the electrode plates, a weight should be placed on the center 



48 



of the blot structure. Electrode transfer occurs in 25 min at 200 mA. Slight heating is found in 
this period. The efficiency of transfer, however, can be checked by Coomassie or silver staining 
of the gel: A nitrocellulose filter or the Immobilon membrane is stained with Ponceau S (Serva) 
and the size standard marked. It is largely decolored with water. The nonspecific binding sites 
are blocked for immunodetection for 1 h with TBST buffer + 1% gelatin (Bio-Rad) at room 
temperature. The filter is washed briefly in TBST and then incubated with the specific first 
antibody in appropriate dilution in TBST for 2 h to overnight. After 10 min of washing three 
times in TBST, it is incubated for 45 min with biotinylated second antibody at the appropriate 
dilution in TBST. It is again washed for 3x 10 min with TBST. It is then incubated for 20 min 
with a streptavidin-alkaline phosphatase conjugate (BRL, from the BluGene Kit), washed for 2x 
10 min in TBST and 2x 5 min in AP buffer. For detections, 15 jaL NBT (50 mg/mL in 70% 
DMF, Sigma) and BCIP (25 mg/mL in DMF, Sigma) in 5 mL AP buffer are added and the filter 
developed in it for 5 min to 2 h in the dark. In special cases, it is also worthwhile to continue to 
develop overnight which, however, results in a stronger background. Tile color solution should 
always be used fresh. The reaction is terminated by brief washing in water and drying in air. 
Storage is done in the dark. The original sensitivity can be restored in thfe nitrocellulose filter by 
moistening. The Immobilon membrane can be partially decolored by wetting in methanol. 

In order to reduce nonspecific interactions of the employed first and second antibodies, 
washing can first be carried out once with PBS/1M NaCl and then three times with PBS. The 
incubations can also be carried out with 0.1% Triton X-100, 0.1% Tween 20 and 0.3% gelatin. 

Blotting buffer: . 

20mMTris-HCl ' > .- -, r ,V 

150 mM glycine ^ v ^ V \ 

10% (w/v) methanol - 

TBSTbuffer: ; 
10 mM Tris-HCl, pH 8.0 
150 mM NaCl - 
0.05% Tween 20 (Serva) 



AP buffer: 

100 mM Tris-HCl, pH 9.5 
100 mM NaCl 
5 mM MgCl 2 

2.12.9 Employed antibodies for immunodetection 
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First antibody: 



Anti-T4 lysozyme 1 : 1 000 (rabbit/polyclonal) 

Anti-light chain 1 : 1 000 (goat/polyclonal) 



Anti-IgM (heavy chain) 1 : 1 000 (goat/polyclonal) 



AF6 (anti-IgM) 1 : 1 000 (mouse/monoclonal) 

Ac38(anti-Bl-8) 1:1000 (mouse/monoclonal) 

Ac 1 64 (anti-B 1-8) 1:1 000 (mouse/monoclonal) 

LS 1 36 (anti-ct) 1 : 1 000 (mouse/monoclonal) 

Reference for Ac 38, Ac 146, Ls 136: Reth (1981). 



Second antibody: 
Anti-rabbit IgG, biotinylated 
Anti-goat IgG, biotinylated 
Anti-mouse IgG, biotinylated 



1:2000 (goat) (Bio-Makor) 
1:2000 (rabbit) (Sigma) 
1:2000 (goat) (Sigma) 



2.12.10 Silver staining of protein polyacrylamide gels 

After the run, the gel is fixed for 20 to 30 min in 10% acetic acid and 25% propanol. 
After treatment with 10% glutaraldehyde (20-30 min) it is washed during changing with water. 
This is followed by incubation with 0.03 mM DTT for 20 to 30 min and staining with 0.1% 
silver nitrate also from 20 to 30 min. The bands are made visible in about 5 min with the 
development solution (30 g NaCC>3 and 500 \xL 37% formaldehyde per liter). The reaction is 
stopped with 10% acetic acid/25% propanol. If the gel is to be dried, 1% glycerol is added in the 
last washing step. 

2.12.11 T4 lysozyme activity test with Micrococcus lysodeicticus 

(modified according to Selsted and Martinez, 1980, see also McKenzie and. White, 1986) 
A fresh suspension.in phosphate buffer (pH 7.2-7.2) is produced from lyophilized 
Micrococcus lysodeicticus so that an A450 value of 0.6 is obtained at 1 : 10 dilution. 0.1 mL of the 
cell suspension and up to 0.1 mL of the probe being analyzed are combined for the reaction, 
adjusted to 0.1% NaN 3 , 200 ^iM PMSF, 1 \xM leupeptin, 1 \M pepstatin, 100 fiM EDTA and 
1 mg/mL BSA and made up to 1 mL with phosphate buffer (pH 7.2-7.4). This mixture is 
incubated for 1 8 h at 37°C during slow rolling. A control is run without the probe liquid. A450 is 
then measured and the "averaged" reduction of the absorption is plotted versus the logarithm of 
lysozyme concentrations and compared with the control value. A linear region with significant 
reduction of absorption begins in the measured standard affinity curve in concentrations from 
about 100 ng/mL upward. 
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2.13 Immunogold labeling 

2.13.1 High pressure freezing preparation 

Native tissue without chemical pretreatment is used for the preparation of plant material. 
The biologically appropriately prepared material is cut to fit and then shock-frozen ultrafast in 
liquid nitrogen on a Balzers HPM 010 (kindly furnished by H. Moor, Zurich). Copper plates or 
preferrably gold plates cured in hydrogen peroxide can be used as preparation holders. 

Storage of the samples occurs in liquid nitrogen. 

2.13.2 Freezing substitution 

Freezing substitution in 0.5% uranyl acetate in anhydrous acetone in the following steps: 
-90°C (8 h), -60°C (overnight), -35°C (5 h). All the following steps are conducted at -35°C: two 
times 1 h of rinsing with acetone and then first infiltration with Lowicryl HM 20 1:1 mixed with 
acetone for 4 h, then Lowicryl HM 20/acetone 2: 1 overnight; then pure Lowicryl HM 20 over the 
day time with two-fold changing and again overnight, on the next day the infiltration is 
concluded one more time for 5 h with fresh Lowicryl HM 20, the samples are filled into . ^ 
polymerization capsules (Beem capsules) and the capsules filled with fresh Lowicryl HM 20. 
Polymerization of the synthetic resin occurs overnight in indirect UV light (360 nm) and then for 
another 8 h with direct UV exposure in each case at -35°C. The cured samples are brought to 
room temperature. 

2.13.3 Ultramicrotomy 
Silver sections (about 60 nm) are prepared on an ultracut microtome from the Reichert 

Co. by means of a diamond blade. These are trapped on pioloform-filmed and carbon-sputtered : 
nickel grids (100 mesh). 

2.13.4 Immunocytochemistry 
The sections are initially moistened in PBS (0.1M, pH 7.2) for 5 min. For saturation of 

nonspecific binding sites both in plant tissue and in the film coating of the grid, they are 
incubated in alternation twice with 0.02M lysine in PBS and with 0. 1% gelatin in PBS first for 
10 min, then 5 min. This is followed by further blocking for 10 min in PBS with 1% BSA, 0.1% 
Triton X-l 00 and 0. 1 % Tween 20 (incubation buffer). The reaction with the first antibody 
(50-100 |ag/mL) in incubation buffer occurs over 2 to 3 h at room temperature. It is then washed 
for 5 min in incubation buffer and 25 min in PBS with 0.5% Tween 20. The first antibodies are 
described under 2.12.9. Incubation with a second antibody (biotinylated) occurs in the same 
manner. As reagent absorbed on colloidal gold for direct reaction with the first antibody, protein 
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A (Janssen/Auroprobe EM protein A/G 10) for polyclonal antibodies, anti-mouse IgG from goats 
(Janssen/Auroprobe EM goat anti-mouse IgG/G 10) for monoclonal antibodies or streptavidin 
(Janssen/Auroprobe EM streptavidin/G 10) for biotinylated antibodies are used. The 
immunogold reagent is diluted 1:10 in the incubation buffer and applied for 1 h at room 
temperature. It is then rinsed for 15 min in PBS with 0.5% Tween 20 and 15 min in twice 
distilled water and the preparation dried. All employed antibodies are preincubated before 
addition of the preparation for 10 min with a W38 wild type PBS extract with addition of 
protease inhibitors (see 2. 1 2.8) in order to saturate the nonspecific binding sites. 

Analysis occurs on an EM 10 (Zeiss) at 60 keV on uncontrasted probes and post- 
contrasted preparations. For contrasting, incubation is carried out for 15 min in 8% uranyl acetate 
and for 15 min in lead nitrate according to Reynolds (1963). 

III. Results 

3 . 1 Construction of a T R promoter-NOS promoter vector with chimeric genes for a-amylase 
signal peptide and light chain or heavy chain of the antibody 

The final selection-expression vector for production and secretion of a monoclonal 
antibody in plants was assembled in several steps from different components. In the first step, the 
signal peptide gene of a-amylase from barley was subcloned (Rogers and Milliman, 1983) from 
the clone E (obtained from J. C. Rogers) (see Figure HI/3). 

Clone E contains an a-amylase (cDNA) of the Pst I cleavage site of pBR 322. The coding 
region begins in an Nco I cleavage site that contains an ATG codon so that during the entire 
cloning work, a check for obtaining a correct translation start is po'ssible in a simple fashion. The 
processing site and thus the beginning of the mature protein lie after amino acid 23 (serine) of 
the signal peptide. There is no suitable cleavage site here with which the sequence could be cut 
after the serine codon. An adjacent Bgl I cleavage site is used. 
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Figure HI/1 : Structure of a-amylase signal peptide-coding gene in clone E (Rogers and 
Milliman, 1983). 



Key: 1 Translation start 



2 Processing site 




Figure HI/2: Cloning of a-amylase signal peptide gene. 

Key: 1 Nco I/Hind m 

2 Isolate large fragment 
'3 ; -- v Ligate 



*" AGCTTAAAAAAAAAAC r ** CATGGGGA* 

ATTTTTTTTTTGGT AC CCCT. 

CHind IID CHco D CHco D 



Figure WJ3 f Structure of synthetic Hind HI linker oligonucleotide and the 5* region of the 
a-amylase signal peptide gene. 

Initially the Pst I-cDNA clone was cut out from pBR 322 and cloned into the Pst I 
cleavage site in the polylinker of the pUC 9 (pSR 1-1) so that a Hind m cleavage site lies 
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directly adjacent 5' to the Pst I cleavage site (see Figure IE/2). Since all constructs should be 
cloned originally in a Hind HI cleavage site of a cassette, this was ligated to the Nco I cleavage 
site as a 5' end by a synthetic oligonucleotide (synthesis and purification, see 2.7.3). 

The Hind III and Nco I cleavage sites were bound by an oligo-dA/dT strand in order to 
increase the binding capacity of the proteins to the DNA double strand. It is known that AT-rich 
regions readily melt and in so doing permit binding of proteins (Salomon et al., 1986; Joshi, 
1987) and this facilitates the function of the 40S ribosomal subunit for translation initiation 
(Heidecker and Messing, 1986; Kozak, 1986). The plasmid pSR 1-1 was digested with Hind HI 
and Pst I, the large fragment isolated and the synthetic oligonucleotide ligated in (pSR 1-2). In 
this form, the signal peptide gene is readily isolatable and for this purpose 5' the Hind ID. and 3' 
the Bgl I cleavage sites are used (see Figure IW\). The missing nucleotides must be replaced by 
synthetic oligonucleotides. 

For construction of a chimeric signal peptide-light chain-gene (see Figure III/4), the gene 
for the light chain was excised from the vector plasmid pLGV 2385 Lc (Steiger, 1987) by 
combined Xho n/Hha I digestion and thus ligated into the Bam HI cleavage site of pBR 322 so 
that the 3' end came to lie in the Tet R gene (pSR 1-10). The plasmid was checked by Southern 
hybridization with the gene for the light chain, in addition to restriction mapping. The 3' end of 
the gene for the light chain and the Tet R were excised with Pyu II and pSR 1-12 formed by 
self-ligation. The 5' part of the gene for the light chain is now present in this plasmid, in front of 
which the signal peptide gene can be ligated. By restriction digestion , with Rsa I, a 1 .87 kb 
fragment is isolated from plasmid pSR 1-2, which contains the signal peptide gene (see 
Figure HI/5). Of the four Bgl I cleavage sites originally contained in pSR 1-2, only two therefore 
still remain. This fragment is shortened to 1.45 kb by digestipn;with_Bgl L A synthetic 
oligonucleotide was ligated to it, which contains the 3' part (the missing nucleotide) of the signal 
peptide and the first nucleotide of the 5' end of the gene for Jiejight chain (see Figure HI/6). 
After digestion with Hind III, in addition a small fragment (86 bp).wbich represents the signal 
peptide gene, an additional large fragment (1.35 kb) is obtai^A^s fragment mixture is ligated 
in Bam Hi/Hind Ill-opened pSR 1-12. The clone that contains me correct (small) fragment with 
the signal peptide gene can be easily identified with reference to the size difference and by Nco I 
digestion of DNA minipreparations (pSR 1-3). From pSR 1-3 the 5' part of the chimeric gene is 
isolated with part of the plasmid by digestion with Ava H and Pvu Land ligated with the 3' part 
isolated from pLC 1-4 (Stieger, 1987) by digestion with Ava H and Hind m, in which, due to the 
present restriction cleavage sites, only the correct arrangement can form. By digestion with 
Hind IH, the complete chimeric gene is liberated and ligated in the Hind ffl cleavage site of pUC 
9 (pSR 1-14). The terminal cleavage sites are converted by ligation of a Sal I linker to Sal I 
cleavage sites (pSR 1-16). In the last step, the chimeric signal peptide-light chain-gene isolated 
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with Sal I is ligated in the correct orientation in the Sal I cleavage site of the vector plasmid 
pAP 2034 (Velten and Schell, 1986) (pSR 1-4). This selection-expression vector contains the 
agrobacteria-T R double promoter (Velten et al., 1984). The cassette on the 1' side contains 
singular Sal I and Bam HI cloning sites and the polyadenylation signal of gene 7 of the T-DNA 
(g7pA). The NPT II gene of Tn5 is incorporated as a selection (kanamycin and G 418 resistance) 
and marker gene for plants in the T position of the promoter, provided with the polyadenylation 
signal of octopine synthase gene (ocs pA). Polyadenylation is a process in eukaryote cells that 
stabilizes the mRNA in cytoplasm and favors translation of mRNA on ribosomes (Wickens and 
Stephenson, 1984; Bimstiel et al., 1985). In addition, the plasmid pAP 2034 contains the 
antibiotic resistances against carbenicillin and streptomycin/spectmomycin, which are necessary 
for selection of transconjugants between E. coli and A. tumefaciens* Different restriction 
digestions for control of plasmid pSR 1-4 are shown in Figure III/7. 
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Figure JW4: Construction of a chimeric a-amylase signal peptidellight chain gene under control 
of the Tr promoter. r -'- 1 ' V ~J. [ 
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Figure III/5: Isolation of the signal peptidp. gene. 



Key: 1 Isolate fragment 

2 Ligation of synthetic oligonucleotide 



5 ". TGGCGTCC|g r;U>j^^l- 
CCAACCGCAOO|cCTA(?. :: j; 4 . ^jV^.- 

CBgl D (Bam HD^^ " v: ' 



Figure HI/6: Synthetic oligonucleotide for joining of the signal peptide and light chain gene. 
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Figure m/7: Checking of plasmid pSR 1-4 by restriction mapping. 
The plasmid DNA was digested with the mentioned enzymes and separated on 
a 0.7% TBE-agarose gel. X-DNA digested with Pst I serves as length standard. 
Fragment sizes: Sal I: 8.6/0.9 kb, Pst I: 5.4/1.63/1.55/0.97 kb, Nco I: 8.4/1.1 kb, 
Hind in + Bam HI: 6.37/2.38/0.8 kb, Eco PJ + Hind III: 6.15/3 .4 kb. 



r TGGCGTCC|CAGGTCCAACTGCA r 

ccaaccgcagg|gtccaggttg 

CBgl D (Pst D 



Figure m/8: Synthetic oligonucleotide for joining of the signal peptide in heavy chain gene. 

Parallel with construction of the chimeric light chain gene, a similar signal peptide-heavy 
chain gene fusion is constructed (Figure ID/9). For this purpose, the signal peptide gene is first 
isolated as described (see Figure III/5) from the plasmid pSR 1-2 and ligated similarly with a 
suitable synthetic oligonucleotide that contains the missing nucleotide of the signal peptide gene 
and the first nucleotide of the 5' part of the gene of the heavy chain up to the Pst I cleavage site 
(see Figure m/8). The signal peptide gene is then flanked 5' by a Hind III and 3* by a Pst I 
cleavage site. This fragment is cloned into the plasmid pHC 1-3 (Stieger, 1987) opened with Pst I 
and Hind HI, which contains the 5' part of the gene for the heavy chain and in so doing fusion 
occurs between the two genes (pSR 3-1). The 3' end of the heavy chain gene is excised from 
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plasmid pHC 3-19 (Stieger, 1987) with Bam HI and Hind ID, ligated with the 5* part of the 
fusion gene (Hind III/Bam HI fragment from pSR 3-1) and then cloned into the pUC 9 plasmid 
opened with Hind III (pSR 3-10). This plasmid contains the complete chimeric gene flanked by 
Hind III cleavage sites. After its isolation, a similar pUC 9 derivative with the Sal I-flanked 
chimeric gene is produced by fill-in and ligation of a Sal I linker (pSR 3-12). For closure, an 
expression vector must be constructed that contains the two chimeric genes under the control of 
regulation units active in plants in order to be able to simultaneously transfer both genes (see 
Figure m/1 1). As the only selectable marker at the time of construction, the neomycin 
phosphotransferase II gene with kanamycin or G 418 resistance of the transformed plants was 
useful It was therefore only possible to select for the transformation with a plasmid or a T-DNA. 
For expression of both chains of the antibody, these genes therefore had to be incorporated in the 
same plasmid under two different promoters in order to obtain a stable arrangement. 

For this purpose, the plasmid pSR 1-4 is chosen as the starting material (with the 
chimeric gene for the light chain) and cloned into the singular Eco RI cleavage site in addition to 
' the g7pA region of the chimeric gene for the heavy chain. Initially, a fragment that contains the 

• ^ 'NOS prompter (Depicker et al., 1982, Bevan et al., 1983, Sanders et al., 1987) is isolated with 
; Eco RI and Hind III from the plasmid pLGV 2385 Bgl Hind (M. Stieger, personal 

communication), in which the Bgl II cloning site was converted into a singular Hind III cloning 
site (with elimination of an originally present Hind III cleavage site). The 5' part of the chimeric 
M ' signal peptide-heavy chain gene is excised from the plasmid pSR 3-1 with Hind III and Bam HI 
*'^an<Me two fragments subcloned in pUC 9 opened with Eco RI and Bam HI (pSR 44). From 
! '^''^s;tne promoter gene fragment can be excised again with Eco RI and Bam HI and ligated 

* ^gemer with the Bam Hi-Sal 1-3' part of the coding region in pUC 9 opened with Eco RI and Sal 
^ ^ ; T(p$R 4-2). The 3' fragment is excised beforehand from the plasmid pSR 3-12 with Bam HI and 
- *" : Sal I. With the same strategy, for completion of gene construction and the expression vector, the 
• Vp gfpX fragment (Sal I-Eco RI) from pAP 2034 is ligated to the 3' end of the chimeric heavy chain 
^ : g'enb 1 and the entire expression unit cloned into the singular Eco RI cleavage site of plasmid pSR 

' 1-4 in an orientation so that the NOS promoter comes to lie adjacent to an already present g7pA 
signal and the two homologous regions that are roughly 300 bp long are separated by a roughly 
2-kb nonhomologous sequence. 
' The finished selection-expression vector for the genes for the light and heavy chains of 

the monoclonal Bl-8-IgM antibody (pSR 4-3) contains the NPT U gene (with ocs pA) under the 
control of the T R double promoter for selection and the chimeric gene for the signal peptide-light 
chain fusion (with g7pA), under the control of the NOS promoter and the g7pA region of the 
chimeric gene for the signal peptide-heavy chain fusion and the carbenicillin as well as 



streptomycin/streptinomycin resistance gene. The entire plasmid has a size of 1 1 .8 kb and 
checking occurs by numerous restriction digestions (Figure HI/12). 




Figure m/9. Construction of a chimeric a-amylase signal peptide heavy chain gene. 



Key: 1 Ligate 

2 Ligate Sal I linker 



Figure HI/10. Checking ofplasmid pSR 3-12 by restriction mapping. 

The plasmid DNA was digested with the mentioned enzymes and separated on 

a 0.7% TBE-agarose gel. X-DNA digested with Pst I serves as length standard. 

Fragment sizes: Sal I: 2.7/1.7 kb, Pst I > Eco RI: 2.7/1.5/0.1/0.1 kb, 

Bam HI: 3.5/0.8 kb. . ' - 




Figure HUH. Construction of a selection-expression vector for the chimeric 
ct-amylase signal peptide-light chain or heavy chain gene under control of 
Tr or NOS promoter. 



Key: 1 Ligate 

2 Ligate with 

3 Fragment from 
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Figure TII/12. Checking of plasmid pSR 4-3 by restriction mapping. -vq> 1 - 

The plasmid DNA was digested with the stated enzymes and separated on a 
0.7% TBE-agarose gel. X-DNA digested with Pst I serves as length standard. . 
Fragment sizes: Eco RI: 9.5/2.3 kb, Sal I: 8.6/2.3/0.9 kb, Pst I: 5.4/1 .63/1 .45/1 .45/1 . 1 6/ . 
0.64 kb, Bam HI: 8.7/1.53/0.83/0.78 kb, Hind III: 8.1/3.75 kb, Eco RI + Bam HI:~^4 ^ 
8.5/1.29/0.83/0.78/0.22/0.22 kb, Eco RI + Hind III: 6.15/3.4/1.96/0.33 kb, < i! 

Bam HI + Hind HI: 6.37/2.37/0.96/0.83/0.78/0.55 kb. / ' ' 




3.2 Construction of the T R promoter vector with the chimeric gene for a-amylase signal 
peptide and T4 lysozyme 

The chimeric signal peptide-T4 lysozyme gene is incorporated in the free 1 ' position of 
the T R double promoter in the vector pAP 2034 (Velten and Schell, 1986). As described in 
Figure HI/5, the signal peptide gene, during ligation c of the synthetic oligonucleotide shown in 
Figure HI/13 that includes the last nucleotide of the signal peptide gene and a larger fraction of 
the beginning of the T4 lysozyme gene, is isolated. The oligonucleotide is provided on the 3' end 
with a Bam HI cleavage site as a cloning aid and in addition it contains an Sna BI cleavage site 
for ligation to the Sna BI cleavage site contained in the gene. This oligonucleotide is ligated into 
the pUC 9 plasmid cleaved with Hind in and Bam HI (pSR 2-1) and prepared by Sna BI and Eco 
RI treatment of the recombinant plasmid for take-up of the T4 lysozyme gene (see Figure HI/14). 

The originally prescribed strategy of direct cloning of the entire T4 lysozyme gene that 
has a 3.2-kb Hind IH fragment from the DNA of phage A.1358-b 538 imm:T4 EHI e + sus97 
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(Owen et al., 1983) did not lead to success either with pBR 322 or with pUC 9. Instead, even 
incorporation of the X arm in the plasmid was observed, but not that of the Hind IH-T4 lysozyme 
fragment; this can be explained by possible lytic activity of the gene products of this DNA 
section so that no bacterial clones could be cultured. The isolated X DNA is digested with 
Hind III and the 3.2-kb fragment isolated (see Figure 111/14). After an additional digestion with 
Ava II, the coding fragment reduced to about 750 bp is isolated. Starting from here, the T4 
lysozyme gene is cloned in two parts so that at no point is the complete gene without signal 
peptide gene fusion under control of a possibly active promoter. In the prepared plasmid 
pSR 2-1, the roughly 200-bp large Sna BI/Eco RI 5' fragment is ligated (pSR 2-2) and after 
removal of the Eco RI/Nde I fragment of the lac Z gene from the plasmid, the roughly 
350-bp-long Eco RI/Nde I 3' fragment (pSR 2-3) is also ligated. In this plasmid, the intact T4 
lysozyme gene is present for the first time, but by fusion with the signal peptide gene and 
insertion in the lac Z gene. No unusually limited number of recombinant clones was observed 
here. The 3' untranslated part of the gene is removed by digestion with Dra I (in which the 
termination region is retained) and isolation of the large fragment. A Hind III linker is ligated 
directly to the (blunt end) Dra I cleavage^site : and,after digestion to Hind m, the now liberated 
finished chimeric gene is cloned in the Hind in cleavage site of pUC 9 (pSR 2-10). Here again, 
the Hind III cleavage sites are converted 'to Sal I cleavage sites (pSR 2-12). Finally, the Sal 
I-flanked chimeric a-amylase-signal peptide-f 4 lysozyme gene is cloned into the Sal I cloning 
site of the expression vector pAP 2034 in^hg correct orientation (pSR 2-4). Checking of the 
constructed plasmid is carried out with different .restriction digestions (see Figure 111/15). 

fl * tggcgtcc|atgaatata~ttt3AAatgttac|gtag r 

CCAACCGCAGG j TACT TAT A?. AAA CT T TACAATG | CATCC TAG 
CBgl jo u i^t-H-U.^; ; . CSna BD (Bam HD 

Figure m/13. Synthetic oligonucleotide for joining of the signal peptide and T4 lysozyme gene. 
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Figure 111/14. Construction of a selection-expression vector for the chimeric a-amylase-signal 
peptide-T4 lysozyme gene under control of the T R promoter. 

a) Isolation of the signal peptide gene 

b) Construction of the chimeric gene 

Key: 1 Ligate synthetic oligonucleotide (see Figure EI/13) 

2 Ligate 

3 T4 lysozyme gene 

4 Isolate large fragment 

5 Ligate linker 



Figure III/l 5 . Checking of plasmid pSR 2-4 by restriction mapping. 

The plasmid DNA was digested with the stated enzymes and separated on a 

0.7% TBE-agarose gel. A.-DNA digested with Pst I serves as length standard. 

Fragment sizes: Sal I: 8.6/0.67 kb, Pst I-+ Mlu-I: 5.4/1 .63/1.23/1.07 kb, 

Pst I: 5.4/2.3/1.63 kb, Eco RI: 8.75/0.58 kb, Bam HI+ Hind EH: 5.85/3.25 kb, 

Sna BI: 9.0/0.33 kb, Bgl I + Pst I: 2.3/1.6/1.05/0.8/0.42/0.3/0.2/0.1 kb. 

The plasmid pSR 2-4 represents a selection-expression vector for the chimeric 
a-amylase-signal peptide T4 lysozyme gene. The fusion gene is situated under the control of the 
V position of the T R double promoter and the g7pA region, the NPT II marker, and the selection 
gene in the T position, terminated by the;oc£pA region. At a size of 9.25 kb, it contains the 
carbenicillin, as well as streptomycin/spectinomycin resistance gene. 

3 .3 Nonradioactive labeling of DNA fragments for hybridizations by means of the 
biotin-streptavidin systems, development of a simple method 

An attempt was made during this work to replace radioactive detection methods with 
modern enzymatic methods as much as possible. A large part of the Southern hybridization is 
carried out with plasma DNA or genomic bacterial DNA, in which the amounts of specific DNA 
being detected lie well above the detection limits. The now most commonly used system for 
sensitive detection is the biotin-streptavidin system. Biotin is a small, water-soluble vitamin 
(MW 244) and can be coupled easily via its carboxyl group to numerous biomolecules by 
different activation methods. 
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HOOC-(CH 2 )J 

Streptavidin (from Streptomyces avidinii, MW 60 kDa) is a tetrameric protein with four 
highly specific binding sites (K^IO* 1 5 M" 1 ) for biotin. In contrast to the initially employed 
avidin from chicken protein, streptavidin has more favorable physical properties (Chaiet and 
Wolf, 1964; Green and Toms, 1970; Hoffrnann et al., 1980), it causes significantly fewer 
nonspecific bindings and therefore leads to better results with equally strong affinity (Haeuptle 
et al., 1983). Because of its very high specificity, which is several orders of magnitude higher 
than in antigen-antibody reactions, only very short reaction times are required. 

Several worked out methods exist for labeling of DNA probes: 

1) Replacement of unlabeled nucleotides in the double strand by biotin-labeled 
nucleotides by nick translation according to the conventional method (Rigby et al., 1977; 
Maniatis et al., 1982). It has turned out that biotin l l-dUTP, in which the biotin group is bound 
by an 1 1-atom spacer to the C5 position of the pyrimidine ring, is used as most favorable labeled 
nucleotide (Langer et al., 1981). About 30% bf the thymidine residues are replaced by 
biotmylated uridine during the labeling reaction. 

2) Terminal labeling by addition of bio-1 1 -dUTP to the 3' hydroxyl group. The 
extent of labeling is limited by the number of Available 3' hydroxyl terminal groups and both 
double and single strands are labeled, in which single-stranded biotinylated tails are obtained. 
The reaction by means of terminal-desoxynucleotide transferase is template-independent. 

3) Bio-Bridge labeling system^Ehzo) , 

This method is a further development of terminal labeling, in that here the 3'-poly dT tails 
are linked to the probe. This is denatured and ^hybridized on the filter-bound DNA. A 
biotin-modified poly dA molecule is men hybridized to the poly dT strand. The yield of biotin 
residues per DNA strand is higher here than in the two other methods. 

4) Oligolabeling (Feinburg and Vogelstein, 1983, 1984) 

Kits for this labeling method have since been offered by Amersham (Muluprime labeling 
kit), Pharmacia (oligolabeling kit) and Boehringer Mannheim (Random primed labeling kit), but 
only the one from Boehringer Mannheim is suitable for biotin labeling. After denaturation of the 
double-stranded DNA, a new biotin-labeled strand is synthetized by means of a DNA single 
strand with DNA polymerase I (Klenow fragment). Synthetic hexanucleotides of all possible 
sequences serve as primer. dTTP and bio-1 1-dUTP in a ratio of 1:0.6 are used for the highest 
signal intensity. 
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Initially the labeling reactions were conducted routinely with nick translation, in which 
separation of the free nucleotide occurred by ethanol precipitation. After market introduction, 
this more costly method was replaced by oligolabeling, which makes isolation of the labeled 
DNA redundant and the entire reaction charge is used for hybridization. Because of the more 
difficult detectability of the DNA pellet (only possible by a complete detection cycle), this is an 
important advantage precisely during comparison with radioactive labeling. The oligolabeling 
method of Feinberg and Vogelstein in its modified form is therefore the method of choice for 
biotin labeling of DNA fragments. The hybridization conditions (Wahl et al., 1979) are only 
slightly changed by slight reduction of the melting point of DNA double strands that contain 
biotin-labeled double strands. The formamide concentration in the hybridization buffer is 
therefore reduced from 50 to 45% and the hybridization temperature remains unchanged at 42°C 
(Leary et al., 1983). Since proteins are used during detection, the nonspecific protein binding 
sites must be blocked in addition to the nonspecific DNA binding sites. A simple and cheap 
method is the use of 1 % gelatin at room temperature and it yields no worse an effect than, say, 
3% BSA, and even a lower background. • ; - : 

An important aspect in working out a detection method was universal applicability, of the 
principle and the required buffers, for example, also for protein analyses by Western blotting, 
starting from the commonly present biotin group. • 

Tris was chosen as the buffer substance (10 mM) and 1 50 raM NaCl used for protein 
stabilization. In order to reduce the nonspecific background, detergents in low concentrations are 
used. Recently, it has been found that Tween 20 is superior to the previously.predpminantly used 
Triton X-100 and even can be used alone for blocking (Chan et al., 1985). Here 0.05% Tween 20 
serves the aforementioned purpose. This buffer is known as TBST. For blocking, incubation at 
room temperature is carried out for 1 h in a solution of 1% gelatin (Bio-Rad) in TBST. With this 
TBST buffer, all possible additional detection steps can be carried out very well with antibodies 
or streptavidin. For detection of biotinylated DNA, only the complex wim streptavidin to which a 
marker enzyme is coupled need be formed. After the previously commonly used marker enzyme 
peroxidase, after p-galactosidase and acid phosphatase, alkaline phosphatase isTnow increasingly 
gaining acceptance as the most sensitive enzyme. Nitro blue tetrazolium and ; 
5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) serve as substrates. By cleavage of the 
phosphate residue, the formation of a blue precipitating dye is initiated. For additional studies on 
the biotin streptavidin system, see 3.16. The streptavidin-alkaline phosphatase conjugate from 
the BluGene Kit, available from BRL, proved to be very well suited. An additional increase in 
the sensitivity of this system appears possible by optimizing the conjugate and by utilizing the 
snowball effect of the four biotin binding sites of streptavidin. 
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Sensitivity of the system: 

A sensitivity of about 500 fg homologous plasmid DNA could be achieved both with nick 
translation and oligolabeling, and in one concentration series during radioactive labeling, a limit 
of 1-0.5 pg with three days of exposure was achieved by oligolabeling. The detection limits for 
radioactive and biotin labeling are therefore comparable. As an additional time saving, as 
recently tested, UV crosslinking of DNA and RNA on Immobilon membranes for biotin labeling 
is also possible and in one DNA concentration series, a higher intensity of the signal was found 
during direct comparison for UV treatment (4 min on a 302-nm transilluminator with a moist 
filter) versus 2 h of baking at 80°C in a vacuum furnace. With viral RNA, a Northern 
hybridization was successfully conducted according to this method. 

3 .4 Integration of antibody construct in Agrobacterium tumefaciens and checking of the 
transformants by Southern hybridization 

The previously described synthetically produced genes from plant regulation elements 
(promoter, polyadenylation sequence) and coding region for the desired proteins are integrated in 
the Nicotiana tabacum plants by means of the plant transformation technique developed a few 
years ago with Agrobacterium tumefaciens Ti plasmids (Matze and Chilton, 1981, Leemans 
et al., 1982; Zambryski et al,, 1983; De Block et al., 1984; Horsch et al., 1984, 1985). The 
mobilization system of Van Haute et al. (1983) with the helper plasmids R64drdl 1 and pGJ 28, 
as well as the manipulated Ti plasmid pGV 3850 (Zambryski et al., 1983). This vector contains a 
pBR 322 fraction that is also contained in the selection-expression plasmid pAP 2034 (Vellen 
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and Schell, 1986) so that the recombinant constructions can be introduced by homologous 
recombination to the Ti plasmid. The conjugation method is described in 2.5.3. During 
simultaneous selection, 10-100 colonies should grow per charge that are transformed with high 
probability. 

Some selected clones are subjected to Southern hybridization analysis for intact 
incorporation of the foreign DNA. For this purpose, as described under 2.7.2, the total DNA 
from the agrobacteria is isolated in a minipreparation. Aliquots are digested within different 
restriction enzymes and transferred to a membrane after agarose gel electrophoresis (see 2.7.4). 
Hybridization and detection with biotin-labeled probes occurs as described and discussed in 2.7.5 
and 3.3. For the plasmid pSR 4-3, integrated in pGV 3850, the agrobacterial DNA is digested 
with Eco RI and Pst I. The 0.8-kb Bam HI fragment from pSR 1-10 (LC probe) serves as a 
hybridization probe for the light chain, the 1.55-kb Pst I fragment from pSR 3-10 (HC probe) for 
the heavy chain gene and the entire plasmid pAP 2034 (pAP probe) for the vector. The 
hybridizing fragments are graphically shown in Figure EQ/16, and the experimental result agrees 
with the expected one. 
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Figure IH/16: Southern hybridization analysis of genomic DNA of pSR 4-3 transformed 
agrobacteria C 58 CI*. 

a) Hybridization pattern with biotin labeling 

b) Graphic depiction of hybridizing reaction fragments 



* [In the original document, commas in numbers represent decimals.] 



3.5 Integration of lysozyme construct in Agrobacterium tumefaciens and checking of the 
transformants by Southern hybridization 

The same method as described in 3.4 is used for construction of pSR 2-4. The 0.67-kb 
Hind HI fragment from pSR 2-10 (lys probe) is used for the hybridizations for the lysozyme 
genes and the entire plasmid pAP 2034 (pAP probe) for the vector. Figure HI/17 shows the 
hybridizing fragments graphically and the experimental results agree with the expected ones. 
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Figure m/17: Southern hybridization analysis of genomic DNA of pSR 2-4-transformed 
agrobacteria C 58 CI. 

a) Hybridization pattern with biotin labeling. 

b) Graphic depiction of hybridizing reaction fragments. 
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3 .6 Expression analysis of pT R and pNOS 

After some (RNA and protein) analyses had been conducted without result, it turned out 
that the Tr double promoter is obviously not expressed constitutively. Instead a nonuniform 
expression in the plants and inducibility by plant hormones was assumed (A. Szalay, C. Koncz, 
personal communication). Thereupon a detailed expression analysis of the promoter was 
undertaken in order to work out conditions under which an attempt could be made to 
successfully introduce proteins into the transformed plants. For this purpose, the NPT II gene 
under the control of the 2* position of the double promoter was used in the constructions of 
pSR 2-4 and pSR 4-3 and the activity measured by the NPT test (see 2.9.2) in the transformed 
plant materials. 

It must be stated as a conclusion from all the conducted NPT tests that neither expression 
in the fresh state of the plants nor different inductions are absolutely reproducible and instead a 
large variability was found between the different transformants and also in proliferated plants 
that had already been analyzed once. •■ - ■ 

Expression analysis (conducted on sterile culture tissue) in intact fresh plants clearly 
shows increasing activity of the T R double promoter from the tip to the base of the plant. The 
lowest expression is found in the highest leaf, directly followed by the hollow part of the stem. 
The activity in the leaves only increases slightly downward in most transformants and in some 
plants, however, a relatively high expression is already present in the lowermost leaf. Normally 
the highest and lowest leaf differ by a factor of about 1 .5-2. It is then found that differences also 
occur in this leaf itself: the edge regions are more strongly active than the inner regions. Greater 
differences in activity are found in the stem, where a 25- to 40-rfold higher activity is found from 
the top down. In the normal case, the roots exhibit the highest activity (about 45rfold relative to 
the highest leaf) and even here no uniform distribution could be established, but a weakening 
toward the root tip, which, however, is still about 15 times stronger than the highest leaf. As a 
conclusion to all these experiments, a region of greatest activity in the vicinity of the base of the 
plants at the transition from the stem to the roots therefore emerges. The expression rate in the 
fresh uppermost leaf is discussed below as a basic state of the Tr double promoter. A differential 
expression of this promoter in fresh plant tissue is therefore clearly demonstrated, but one cannot 
speak of tissue-specific expression, since the boundaries are fluid and variable. An expression 
gradient is involved instead. 

These data suggest performing a study on the inducibility of the promoter. Knowledge of 
the assumption of hormone regulation (A. Szalay, C. Koncz, personal communication) was 
helpful for this. With this as point of departure, different hormone concentrations and ratios were 
tested and the most appropriate proved to be 2,4-D and kinetin in a ratio of 1 :1 in a 10 *M 
concentration. The ratios 100:1, 10:1, 1:10 and 1:100 (in which 1 always means lO* 5 **) were also 
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tested, but somewhat weaker induction was found. For this purpose, cut off, whole leaves were 
incubated in liquid M + S medium for 5 days with the corresponding additive. Addition of 
hormones in this system is essential for induction. On the other hand, in a system for induction of 
stem pieces, the same induction is obtained both with and without addition of hormones. In this 
experiment the stem is divided into about 1-1 .5 cm long pieces and then the length cut and the 
cutting surface placed on solid M + S medium and also incubated for 5 days. The difference 
between the two methods lies in the ratio of wound surface to total volume of tissue; in the stem 
a relatively large wound surface is present but in the cut-off leaves, only a minimal wound 
surface is present. In order to test whether merely gravity-related collection of hormones at the 
bottom of the segment is involved in this case (which corresponds to the cut surface), a special 
experiment was conducted. For this purpose two halves of a segment were rinsed in a fixed 
position with the cut surface up or down using liquid M + S medium and incubated for 5 days. 
Two tissue parts (upper and lower halves) were then cut out and analyzed. In both cases, the 
quarter with the cut surface exhibited the greater activity, which means that a gravity-related 
effect is not involved, but rather a wound-dependent one. This finding is important for the stem 
induction system, since normal transport of hormones is disturbed by cutting and the change in 
direction. An attempt was made in leaves to obtain a stronger induction by enlarging the wound 
surface. For this purpose, leaves were initially cut into strips and incubated in the described 
manner in liquid M + S medium for 5 days. A positive effect was found. Later the transition to 
solid M + S medium occurred and the leaves were cut into small pieces, as in a leaf disk test. 
These changes caused adaptation of the two (leaf and stem) systems to each other. In both 
systems, the same induction could not be achieved. If previous induction of leaves was only 
possible by addition of hormones, now it occurred merely by wounding and to a greater extent 
(two to four times higher). 

- The T R double promoter is inducible in stem pieces in vitro about 70 to 170 times, in leaf 
pieces about 25 to 150 times in comparison with the base state. The CaMV 35S promoter 
analyzed at the same time in calli as a reference (provided by R. Topfer) is always about 
1 000 times stronger in the NPT test than the base state of the T R double promoter. 

Kinetic studies were conducted both for stems and for leaves, with and without 
hormones. The increase in activity of the promoter begins during wounding without hormone 
addition in both cases about 1 day after the beginning of induction and rises slowly and from the 
third day quickly. The investigation was conducted up to 6 days, the highest induction being 
measured on the sixth day. According to this pattern a similar experiment was conducted by M. 
Wassenegger (Cologne, personal communication) with a luciferase test over a period of 1 1 days. 
The maximum expression was also on the fifth to sixth day followed by a uniform decline to 
roughly the base state on the 1 1 th day. During the addition of hormones, the same high activity as 



after 5 days was measured in the stem already after 10 h, whereas no change was noted in the 
intact leaves. No difference in inducibility of the upper or lower leaves of a plant at the same 
time could be found in different experiments, but high variability was found between different 
plants and proliferated examples of the same plant. 

The natural optimal expression sites of the Tr double promoter are found in calli, which 
develop after infection of the plant with Agrobacterium tumefaciens. Good expression should 
therefore also be expected in sterile culture calli. This was already demonstrated by Velten et al. 
(1984) and confirmed by M. Prols and R. Topfer (Cologne, personal communication). In the 
transformed tissue here, the strongest expression with a margin was found both in fresh and 
induced tissue in the calli and only one plant reached this activity in the leaf and stem tissue. The 
activity in the callus is comparable to that of the CaMV 35S promoter, which is generally 
considered constitutive and the strongest now used promoter. But differences are also found 
here. After repeated tests, it must be stated that expression in soft and unorganized calli is 
stronger than in hard, white or green calli. Calli that formed on the lower stem of the single 
lysozyme plant L2 exhibited only about 20% of the activity of the 35S calli and therefore 
corresponded more to the hard-green callus. 

It was known from M. Prols (1966, personal communication) and R. Topfer (personal 
communication) that an equally strong expression as in calli was also observed in carrot 
protoplasts. These results could not be reproduced in tobacco mesophyll protoplasts. Generally 
only a relatively weak signal could be obtained there and, even under kinetic conditions, a 
relatively weak signal that diminished further by the fifth day was found after 2 days. The use of 
different hormone concentrations and ratios had no effect in protoplasts. The plasmid pAT 2034 
. (Velten and Schnell, 1986) was used for transient expression in tobacco protoplasts (contains 
T-NPT). In other groups, good expression of the double promoter could sometimes be achieved 
with different plasmids both after 1 day and also after 3 days (I. Moore, R. Masterson, D. Wing, 
personal communication), and in this case pUC derivatives function more poorly than other 
"plasmids (R. Masterson, personal communication). During comparison of transient expression of 
both plasmid pSR 2-4 and pSR 4-3, it was found that the lysozyme construction after 1 day of 
incubation achieved about 1/7 of the activity of the 35S promoter, but antibody construction 
achieved only about 1/35; obviously the presence of T4 lysozyme influences the activity of the 
promoter positively. This will be taken up further later. 

The possible high expression in calli and protoplasts appears logical, since in both cases 
tissues that are in a strongly activated state are involved. On the other hand, unfavorable 
conditions prevail in intact plants. There the 35S promoter is 1000 to 20 times stronger, whereas 
after induction of the double promoter, it is still only 20 to 5 times stronger. It is still only 
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equally strong in unorganized calli. This means that the double promoter in its highest induced 
state is an equally good (active) promoter as the CaMV 35S promoter. 

Since a clear influence of promoter strength by wounding occurred in these experiments, 
a train of thought to also test acetosyringone, which is known to induce the vir gene of the Ti 
plasmid and is formed by wounded plant cells (see Introduction) for promoter induction, arose. 
However, no clear picture could be obtained for this substance. Sometimes quite good induction 
results were obtained, but sometimes no difference was found relative to simple M + S (wound) 
induction with whole leaves. This substance might be directly related to wound reaction, but this 
direction was not pursued further. 

In a large NPT test all available transformed plants were tested for strength of expression 
of the T NPT gene. For this purpose, the lowermost stem piece was freshly frozen and the next 
higher piece used for induction. It was divided into two equal halves through a longitudinal cut, 
one of which was induced on solid medium without hormone addition and the other with 1:1 
hormones for 5 days. It turned out that some plants are only poorly inducible or not at all, but 
most have a roughly equally strong base state and are clearly inducible. The picture of optimal 
induction, however, is ambiguous, in one case induction only being stronger by wounding, in 
others by addition of hormone. The induction factors are also different from plant to plant. It 
must be stated in conclusion that the developed inducibility does not yield a clear, readily 
reproducible picture but instead a very variable one that suggests a complex nature of regulation. 

To clarify whether expression of the double promoter might occur in agrobacteria, which 
could lead to their damage in the case of pSR 2-4 by T4 lysozyme and thus prevent transfer of 
plasmid DNA to wounded plants, the activity was also investigated in bacteria. Gelvin et al. 
(1981, 1985)-arid DiRita and Gelvin (1987) already found weak activity in agrobacteria and in E. 
coli for a similar promoter from another Ti plasmid. A significant activity in Agrobacterium 
tumefaciens and E. coli was actually also found for this promoter, but no inducibility by 
hormones oracetosyringone could be found. Since, however, the mechanism of promoter 
regulation is unclarified, it cannot be ruled out that induction also occurs in the agrobacteria due 
to some substance formed by the wounded plant tissue. 

Later a transfer of the induction conditions from sterile culture plant to greenhouse plants 
had to occur in order to have the required amounts of plant material for protein analyses 
available. Since no induction can occur here on an artificial nutrient medium, the conditions had 
to be adjusted. For induction of leaves in greenhouse plants, the leaf surface is roughened with a 
toothbrush and slightly wounded, whereupon a solution of 2,4-D and kinetin (both 10" 5 M/1:1) is 
sprayed on the wounded leaves. Harvesting was initially carried out after 5 days, later after 2 to 3 
days, since after a few days wounding of the leaves leads to partial dying of the tissue. After 
2 days most of the leaf tissue is still intact. As in the sterile culture, plant L2 reproducibly 
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exhibits a very high base level (the highest of all plants), but is not inducible. Plant A10 behaves 
differently, with relatively low expression in the uninfluenced state, but is insignificantly 
inducible. A large jump occurs from the period before induction to the first day after it and up to 
the fifth day only a slight additional rise follows. For comparison, the 35S promoter in A10 is 
about 15 times stronger after induction of the double promoter, in L2 only about equally strong 
in the leaves! Induction therefore also functions in active plants, in which it was not investigated 
whether wounding or the use of plant hormones is the decisive factor. The objective of the 
overall series of studies to find optimal conditions for expression of the T R double promoter for 
protein analyses and estimate the strength of expression is therefore achieved. 

In order to ensure that the 1 ' promoter is also regulated in the same way, only two 
methods could be resorted to: in the first place, analysis of transformed plants that contain the 
1 ! NPT gene in a different environment (furnished by G. Coupland, Cologne) and, on the other 
hand, transient expression of a plasmid analogous to pAP 2034 (pSR 6-1). This plasmid was 
constructed by deletion of the Sal I fragment, which contains the bacterial kanamycin resistance 
gene from Tn903, from pAK 1003 (Velten et al., 1984) and contains the 1' NPT gene in the same 
environment as pAP 2034 (Velten and Schell, 1986). During transient expression of both 
plasmids, no difference was found in the promoter strain. The V NPT plant could only be tested 
in a very young state and exhibited the highest expression in the lowermost leaf, but not in the 
stem or root. A significance of this result must first be demonstrated by repeating the experiment. 
The l f promoter, however, reacted to the induction conditions in the same way as the T 
promoter. It is also 35 to 70 times inducible in both induction systems (leaf pieces and stem 
segments) within 5 to 6 days, both by wounding and with hormones. An equivalent induction 
with the same base expression is therefore reliably assumed. 

The same analyses were also conducted with the NOS promoter in order to test whether 
an analogous controllability is present despite all previous publications. Since both promoters 
control genes with similar function (opine-synthase genes) a similar regulation would not be 
unfounded. No such studies have yet been published either. The activity analysis in fresh tissue 
also produces differential expression for the NOS promoter, which increases from the top down. 
In both tested plants, a three-fold higher activity is uniformly present in the lower leaf, stem and 
roots than in the upper leaf and stem. The inductions are about six-fold for wounding and 20-fold 
for hormone addition (1:1) in leaf pieces and in both cases about eight-fold for the stem pieces. 
The qualitative effects are also the same and are only quantitatively lower. The base states of 
both promoters lie on the same order of magnitude and the inductions can be higher in the double 
promoter. After culturing of calli, these were also compared, and the same conditions 
predominated here: hard, green or white calli expressed more strongly than a soft, unorganized 
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one and in such a callus the expression is about four times as high as in the lowermost leaf, i.e., 
about 8 times above the base state. 

The following picture therefore emerges: pNOS and pT R are qualitatively both regulated 
according to the same principles, but have quantitative differences in the factors. In the base 
states, they are comparably strong, both are wound- and hormone-inducible, but the double 
promoter to a stronger degree. The same applies to expression in calli. However, the double 
promoter has major advantages, because it can reach the strength of the 35S promoter (as a 
reference in the callus), which means a fragment of total protein of about 0.1% (Sanders et al., 
1987). Contrary to the measurements of Sanders et al., the factor between NOS and 35S 
promoter in the NPT test is not only 110, but even about 1000 in the base state. Comparisons at 
the RNA level were conducted by Sanders et al. (1987) and Harpster et al. (1988) and the results 
of both studies are similar. 

For protein analysis for the light and heavy chains of the antibody, the results proved to 
be favorable, since the activities of both promoters correlate in order of magnitude. On the one 
hand, a roughly comparable amount of light and heavy chain is present in the induced leaf tissue, 
which should facilitate assembling and on the other hand, however, under optimized conditions, 
if necessary,' a very high percentage of light chain which cannot be glycosylated can be 
produced. Major differences between both protein amounts would distort the primary picture. 

In the Fi generation of the L2 plants, all NPT-positive examples also show the high 
activity known from the parent plants. 
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Figure III/ 1 8 : Average values of "differential expression in different plant tissues 
and induction in leaves and stems in sterile culture plants (relative activity plotted 
logarithmically, base expression in uppermost leaf = 1). 

1-16: pT R -2 f -NPT II (1-5 fresh), 1 : uppermost leaf, 2: lowermost leaf, 3: lowermost stem 
piece, 4: middle root, 5: root tip; (6-14: induced with wounding and 1:1 hormones (see text)), 
6: leaf, 6 days, 7: stem, 6 days,* 8- 14 -kinetics (leaf) 5 h, 14 h, 1 d£iy, 2 days, Idays, : 
5 days, 6 days, 15: callus, 16: tobacco mesophyll protoplasts, 17-23: pNQS-NPT II 
(17-19: fresh), 17: uppermost leaf, 18: lowermost leaf, 19: lowermost end piece, (20-22: 
induced, 5 days), 20: leaf by wounding, 21: leaf with 1:1 hormones, 22:. stem by wounding 
or with 1:1 hormones, 23: callus, 24: pCaMV 35S-NPT II in callus as reference.. The 
brightly shaded surfaces: maximum values, additional explanations in text. . 

Key: 1 Relative activity 

3.7 Expression of lysozyme construction pSR 2-4 in Acetabularia mediterranea 

The correct expression of genetic engineering construction can be checked in a system of 
microinjection of DNA established with the one-celled green alga Acetabularia. Acetabularia is 
an appropriate system for investigating expression of heterologous genetic information (Neuhaus 
et al, 1983* 1984, 1986; Langridge et al., 1985; Berger et al., 1987; Schweiger and Neuhaus, 
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1987). About 10 7 supercoiled DNA molecules are microinjected with a concentration of 
1 mg/mL into isolated cell nuclei of Acetabularia (about 10 jam diameter). In parallel, 
denucleated Acetabularia are isolated into which the microinjected nuclei are reimplanted by 
fusion. The overall treatment leaves the stability and morphogenetic activity of the nucleus 
uninfluenced. The manipulated Acetabularia are tested in molar medium (Primke et al., 1978) 
for capacity for expression of the heterologous genetic information. 

Detection of the expressed protein occurs by indirect immunofluorescence. For this 
purpose, the transformed Acetabularia are spread on a microscope slide, dried and fixed. They 
are then incubated with the specific antibody and then with fluorescein-coupled second antibody. 
The immune reaction is made visible by the fluorescence. 

The described investigation method was applied to lysozyme construct pSR 2-4. The 
polyclonal rabbit anti-T4 lysozyme antibody described in 2.8 was used as a specific antibody. 
After the immune reaction, a specific immunofluorescence could be detected in the transformed 
Acetabularia, Controls were conducted. The correctness of the construction in plasmid pSR 2-4 
was thus demonstrated and it was found that T4 lysozymes. could be produced in the plant cells. 
A clear indication of secretion of T4 lysozyme could not be -obtained. A further conclusion is the 
functional capability of the Tr double promoter under the culture conditions of Acetabularia 
mediterranea. 




Figure EtI/19 : Detection of expression of T4 lysozyme from pSR 2-4 in 
Acetabularia mediterranea by indirect immunofluorescence. 

a) Light field recording of object 

b) Dark .field recording of the UV light with specific fluorescence for T4 lysozymes 

c) + d) Negative control of pBR 322-DNA: light field (c) and dark field recording (d). 

3.8 Transient expression in tobacco protoplasts 

Transient expression in tobacco protoplasts can produce quite good activities of the 
double promoter, but only very small amounts of total protein can be isolated from a charge of 
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the main protoplasts. Repeated attempts to directly detect the light chain of B 1-8 and for T4 
lysozyme from the crude extract of tobacco mesophyll protoplasts were unsuccessful. An 
increase in the number of protoplasts to orders of magnitude so that a positive single would be 
expected is connected with unacceptably high expenses both in work and cost. For this reason, 
this approach was no longer pursued. The transient expression in protoplasts is otherwise suitable 
only for in situ detection, for example, by immunogold labeling. 

3.9 Transformation of Nicotiana tabacum W38 with antibody construct and transformation 
analysis 

The chimeric genes integrated in the Ti plasmid pGV 3850 are transferred to Nicotiana 
tabacum W38 by agrobacterial infection (Zambryski et al., 1983). This occurs by means of the 
leaf disk test (Horsch et al., 1985) in modified and simplified form (see 2.6.2). In the simplest 
and fastest method, separate callus induction is no longer carried out but it is placed right on the 
sprout induction medium with 0.5 mg/L BAP and 0. 1 mg/L NAA. 

Two leaf disk tests were set up with the agrobacterial described in 3.5, one of them 
according to this method and another with coinfection (see 2.6.2). Half were cultured with and 
without kanamycin selection (50 mg/L). Calli that begin sprout formation after some time are 
obtained during coinfection. This method requires a longer overall time. During direct sprout 
induction, small calli that produce sprouts are sometimes obtained and sometimes small sprouts 
within 4 to 6 weeks directly on the leaf surface. These sprouts are cut off and selected with 
100 mg/L kanamycin. From the coinfection charge, five transformed plants for the. antibody 
construct and according to the other method 1 5 transformed plants were regenerated. 
Transformation analysis is done by the nopaline and NPT test by means r of the two marker genes. 
The nopaline gene is located in the T-DNA of the Ti plasmid next to the right border; the NPT 
gene is under the control of the 2' position of the T R double promoter (from plasmid pAP 2034, 
Velten and Schell, 1986) and is subjected to the tissue-specific expression analyzed in 3.6. 
Nevertheless, the activity of the promoter is sufficient to generate resistance against 100 mg/L 
kanamycin in the buds. A first index of transformation is good growth under kanamycin 
selection and especially rooting under these conditions. At the time of the nopaline test (Otten 
and Schilperoort, 1978) for detection of the presence and activity of the nopaline gene most buds 
were already rooted under kanamycin selection. Clear yellow spots for nopaline could be 
obtained in paper electrophoresis (see 2.9.1). 

Nopaline-positive plants were subjected to an NPT test (Reiss et al., 1984; Schreier et al., 
1985) (see 2.9.2) in order to also detect the presence and activity of the second marker gene. Part 
of the nopaline-positive buds did not survive continuing selection or exhibited no signal in the 
NPT test. There is a general explanation for this: in recent years strong variability in expression 
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of several regenerated plants from a transformation charge has always been demonstrated by . 
different groups, even from a callus, which is attributed to a "position effect" (Jones et al., 1985). 
It is very often observed that only one of the two present marker genes (NOS and NPT) is 
expressed or that deletions occur (Budar et al., 1986; Czemilofsky et al., 1986; Uchimiya et al., 
1986; Sanders et al, 1987). It is also known that the degree of methylation can influence the 
activity of the nopaline synthase gene (Hepburn et al., 1983). On the other hand, the now known 
differentiation between different parts of the plant with reference promoter activity must be 
considered. Initially, young leaves from the tip of the plant are always used for the NPT test, 
which, however, have the lowest or almost no activity, as could be demonstrated in this study. 

For further analyses, 20 transformed plants, both nopaline- and NPT-positive, were used. 
No assertion can be made concerning the relative activity of the introduced genes by means of 
the NPT test because of the nonconstitutive expression of the promoter, since leaf material is 
used. For this reason, a larger NPT test was conducted for comparison of all plants in which the 
same materials (fresh and induced) were compared with each other. Layer tests with proliferated 
material from the same plants, however, show that the induction conditions are in no case 
absolutely reducible and the activity of the promoter is therefore always subject to greater - 
fluctuations and only a tendency for relative activity of the plants can be suggested. 

The plants A4, A5 and A8 exhibit the highest expression in this test, in which A5 is by 
far the strongest and for additional analyses, plants A3 and A10 were also used. All the 
mentioned plants exhibit a single specific band for the light chain or heavy chain gene in 
Southern hybridizations (see 3.11), i.e., no rearrangement occurred and the genes are therefore 
incorporated properly. 

3.10 Transformation of Nicotiana tabacum with lysozyme construct and transformation 
analysis 

For the lysozyme construct (see 3.5), a leaf disk test {Nicotiana tabacum W38) with the 
usual hormone concentrations (1 mg/L NAA + O.lmg/L BAP for callus induction and 1 mg/L 
BAP for sprout induction) (Zambryski et al., 1983; Kaulen, 1986) was initially carried out. 
Under these conditions, however, no calli could be proliferated. Thereupon, an additional five 
leaf disk tests were conducted according to the methods explained in 3.9, among which was a 
coinfection from which only two transformants could be regenerated. One was nopaline- 
negative (see below/L2), the other NPT-negative. Additional transformants could not be 
determined either with or without selection. For this reason, the last leaf disk test was conducted 
with acetosyringone induction. As could recently be demonstrated, this substance formed from 
wounded plant tissue induces the var gene from the Ti plasmid of A. tumefaciens 
(Koukolikova-Nicola et al., 1985; Stachel et al., 1985, 1986a/b; Bolton et al., 1986; Wang et al., 
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1987) and on this account causes infectiousness of the agrobacteria. It could be demonstrated for 
Arabidopsis thaliana that during treatment of the agrobacteria with 20 acetosyringone (16 h, 
pH 5.6) before incubation the transformation frequency is significantly increased (Sheikholeslam 
et al., 1987). The following concept was developed from this: the agrobacteria culture is induced 
for 16 h in LB (pH 5.6) under antibiotic selection of 20 jiM acetosyringone The leaves are 
treated for two days with 100 \xL of this culture in L + S medium (pH 5.6) and 20 jiM 
acetosyringone. After a week selection is conducted. This approach also led to no result. An 
explanation is obtained from the subsequently performed activity analysis of the Tr double 
promoter. In the first place, the tissue-specific expression can have an effect on selection 
capacity, which is less likely, however, because of the number of transformants obtained for the 
antibody construction in this extent. A key idea can be derived from the inducibility of the 
promoter by acetosyringone. As described under 3.6, it could be demonstrated that the double 
promoter under normal culture conditions is active in agrobacteria. A weak activity of the Tr-2' 
gene of another Ti plasmid has already been described in bacteria in the literature (Gelvin et al., 
1981,1985^DiRita and Gelvin, 1987). However, production of lysozyme cannot be sufficient for 
lysis of bacteria; since normal growth was observed- In addition, the inducibility of the promoter 
was detected by wounding the plant tissue. It is therefore assumed that lysozyme production in 
the agrobacteria is activated at the moment when these are cultivated together with the wounded 
plant pieces in the disk test. In similar fashion to the natural action of T4 lysozyme (production 
in the attaching bacteria and lysis of the bacterial cell wall from the inside, Tsugita, 1971). At the 
point at Which the DNA transfer machinery of the Ti plasmid is set in motion by activation of the 
vir genes,' attack of newly produced T4 lysozyme is assumed simultaneously on the bacterial cell 
wall an&tlns caii lead to an adverse effect on hampering of the function of these cells walls 
during DNA transfer, whose mechanism is not clarified, or to destruction of the bacteria. 
Induction* by acetosyringone cannot be ruled out in conjunction with wound-inducibility so that 
acetosyriri^onb' addition during the leaf disk test could then even have negative consequences. 
Transfofma&dn of plant cells in this case must therefore be assumed as an exceptional 
phenomenon." 

For this reason a transformation of Nicotiana tabacum SRI (Maliga et al., 1973) was 
conducted by direct DNA transfer in the weak protoplast (see 2.6.4) in order to get around the 
problem of lysis effect of T4 lysozyme on agrobacteria during the transformation process 
(cooperation with R. Hain, Monheim). 

The regenerated plant L2 was analyzed together with the antibody plants in the NPT test 
and the relative activity determined (see Figure m/20). It also turned out in later NPT tests of 
these plants both from the greenhouse and from the sterile culture that they have a very high base 
level of expression (the highest of all plants), but are not inducible. In the Southern hybridization 
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analysis, only the correct bands were found. The base level of expression increased with 
increasing age of the plant. 




Figure IE/20: NPT test in comparison of regenerated transformants. The lowermost 
stem piece in each plant was freshly; analyzed and the next higher one induced in 
two halves for 5 days only with wounding on M + S medium or with hormone addition 
(1:12, 4-D and kinetin 10: 5 M) t . ; The CaMV 35S-NPT II callus serves as comparison. 

Key: 1 Lowermost stem piece, fresh . 

2 Next higher 'stem' piece, %, 5 days induced by wounding' ' 

3 Next higher stem piece, 5 days induced with 1:1 hormones 

3.11 Integration analysis of antibody plants by Southern hybridization 

The isolated genomic plant DNA (see 2.10.1) is digested with restriction enzymes - here 

double digestion with Eco RI and Hind HI - separated on 0.7% TBE agarose gel and transferred 

to a membrane filter by Southern blotting. 

Hybridization occurs with a radioactively labeled specific probe (see 2.10.2) under 

adjusted washing conditions. The biotin labeling was repeatedly used and different washing 

conditions tested, but a satisfactory, reproducible result could not be achieved and routine 
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applicability would actually be expected of the sensitivity of the system. For this reason, 
radioactive labeling was resorted to in this case. The 0.9-kb Sal I fragment from pSR 1-16 (light 
chain gene with signal peptide (LC probe) was used as the probe for the light chain and the 
1.7-kb Hind EI fragment from pSR 3-10 (heavy chain gene with signal peptide (HC probe)) was 
used for the heavy chain. As a result, a hybridizing band of 3.4 kb is expected for the light chain 
and one of 1 .95 kb for the heavy chain. 

Only plants that show an intact integration pattern according to DNA analysis were used 
for further analysis. 

3.12 Integration analysis of lysozyme plants by Southern hybridization 

The investigation was conducted according to the same method as in 3.1 1. The plant 
DNA in this case is only digested with Eco RI. The 0.67-kb Sal I fragment from pSR 2-12 (T4 
lysozyme gene with signal peptide (lys probe)) served as the hybridization probe; two 
hybridizing bands of 8.7 kB and 0.57 kB size are expected. In the case of plant L2 these bands 
are precisely obtained, and for plant LI roughly 9-kb and 2.4-kb bands are found. A 
rearrangement therefore appears to have occurred here and no cross-hybridizing bands are 
observed with W38 DNA (see Figure 111/22). 



a) 




Figure TH/21: Southern hybridization. Analysis of genomic DNA from transformed pSR4-3 
tobacco plants. 

a) Graphic depiction of restriction fragments 

b) Typical hybridization pattern of an antibody plant 

(For the HC probe a 2.4-kb band that cross-hybridizes with wild-type DNA was not used 
for evaluation (marked "x")) 
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Figure IE/22: Southern hybridization. Analysis of genomic DNA PSR2-4-transformed tobacco 
plants. 

a) Graphic depiction of restriction fragments 

b) Hybridization pattern of lysozyme plants 

3.13 Transcription analysis by Northern hybridization 

A transcription analysis using leaf material on light chain RNA and lysozyme RNA was 
conducted both for most of the antibody plants and for plant LI . For this purpose, the total RNA 
was isolated according to 2.1 1.1 from the leaves and separated on a formaldehyde-agarose gel 
(see 2.11.2). Hybridisation occurs as described in 2. 1 1 .3 with radioactively labeled probes. 
However, no bands could be obtained. This is explained in retrospect by the extremely weak 
expression of the T R double promoter, under whose control both genes are, in the leaves (see 
3.6). In cooperation with J. Logemann (Cologne), transient expression, of the lysozyme construct 
pSR 2-4 in tobacco protoplasts (see 3.10) was also investigated on the RNA level. A plasmid that 
contains the lysozyme without signal peptide under the control of CaMV 35S as promoter served 
as control (furnished by A. von Schaewen, Berlin). With this control plasmid, a band could be 
seen in Northern, but not with pSR 2-4. This could be attributed to the fact that the protoplasts 
were incubated for 3 days, but it was recently found that the optimal incubation and expression 
time for the double promoters in particular, contrary to previous data, is about 1 day (R. 
Masterson, M. Prols, D. Wing, personal communication). Accordingly, only a weak signal could 
be found after 3 days in the NPT test (see 3.6). For a new test system with potato stems in 
transient expression during an infection with agrobacteria, the same DNA was available (J. 
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Logemann, dissertation in preparation). In this case, a hybridizing band could be repeatedly 
found with plasma pSR 2-4 in the Northern blot). 

3.14 Expression analysis of antibody plants by Western blotting 

For the analysis of the transformed plant tissue for the presence of the sought proteins, 
immunological detection methods like Western blotting should be used. For identification of the 
individual chains of B 1-8 in the entire molecule, a number of different polyclonal and 
monoclonal antibodies are available (furnished by A. Radbruch): 

Ls 136: monoclonal antibody that recognizes the light chain in undenatured form (also 
individually) 

anti-A,, biotinylated: polyclonal antibody for detection of the light chain in native or 
denatured state 

anti-jilg, biotinylated; polyclonal antibody used for detection of the heavy chain but also 
weakly recognizes the light chain * : 

Ac 38: monoclonal antibody Whose epitope is formed from both chains of B 1-8 and lies 
near the active center; it recognizes only intact B 1-8 with the correct tertiary and quaternary 
structure - ~ 

Ac 146: monoclonaLantibqdy that recognizes a structure in or in the immediate 
surroundings of the active center of B 1-8; possibly an isolated heavy chain can also be 
recognized in extremely limited -frequency 

NP/NDP: haptens i for B^r-8,; the monoclonal antibody B .1-8 was formed opposite the 
hapten NP, but exhibits heteroclytic properties and recognizes the related hapten NIP with 
greater affinity v . r . 

(Reth, 1981, personal iconunumcation) 

Due to the expected low relative percentage of sought protein in the total protein, 
sensitive detection methodSvha:d-to be developed. For this purpose, a nonradioactive detection 
system, which is compatible with;?the system for DNA hybridization described in 2.7.5 and 3.3, 
was worked out for detection; ofprpteins on nitrocellulose and Immobilon membranes. 

As already mentioned there, alkaline phosphatase is the most sensitive currently known 
detection enzyme and is more sensitive by roughly a factor of 50 than the most widely used 
peroxidase. Our own studies also showed that in a direct comparison between alkaline 
phosphatase-coupled second antibody and biotin-labeled second antibody with alkaline 
phosphatase-coupled streptavidin, an increase in sensitivity by a factor of 15 additionally occurs. 
This combination permits the same sensitivity as the very demanding radioactive labeling 
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By using 1% gelatin as the blocking reagent in TBST buffer, a fairly low background 
coloring can be achieved. It is important here to work under mild conditions (as stated here) so 
that bound proteins are not washed out again from the membrane under the selected conditions. 
The presence of Tween 20 during the entire incubation and washing reduces the nonspecific , 
signals additionally. By replacing nitrocellulose with the Millipore Immobilon membrane, the 
background colors attributed to mechanical damage are reduced to a minimum and contrast is 
also increased. The method described in 2.12.8 offers a highly sensitive analysis method for 
immunodetection under problematical handling. The absolute detection limits depends strongly 
on the corresponding proteins and the employed antibodies. For detection of the light chain from 
B 1-8 with a polyclonal biotinylated anti-X antibody, a sensitivity of about 30 pg light chain can 
be achieved in the dot test. However, other combinations can produce much less sensitive 
detection limits. 

In combination with the immunological part of Western blotting, a time and cost-saving 
new blotting method, semidry blotting (Kyhse-Andersen, 1984), was worked out and used. 
Transfer of the proteins from; the poly aery lamide gel membrane occurs according to. the same 
principle, but only with moistened filter paper between two carbon electrodes, and the time is 
shortened from at least 16 h to only 25 min. Because of this, large amounts of blotting paper are 
saved and during use of minigels, a Western blot could be completely conducted in one day. 

Comparison of the maximal activity of the double promoter estimated in this work by 
promoter analysis (see 3.6),- which is comparable to that of CaMV 35S promoter (about 0.1% of 
the total protein), makes it clear Jthat only under optimal conditions (strongly active tissue) can a 
direct detection of the. light chain be possible from the crude extract in the Western blot. Since 
the NOS promoter could not reach the activity of the double promoter even during good 
induction, a direct detection from the crude extract is not to be expected under any circumstances 
in this case. : v :r ; <. 

A method therefore, had to be developed that permits the sought protein to be enriched 
from the crude extract before Western blot or preferably to be isolated and concentrated to 
detectable concentrations; An affinity chromatographic method offers the best possibility of 
conducting a clean isolation with simple aids. Most of the other available methods permit only 
partial enrichment of the protein being analyzed or require greater apparatus expense. In 
addition, the method must be suitable for investigating larger numbers of samples with tolerable 
expense. 

The series of different first antibodies for immune reaction with the sought proteins can 
be easily immobilized on CNBr-activated Sepharose 4B (see 2.8.3). An appropriate matrix is 
then available for their binding. The plant material is homogenized in liquid nitrogen in a mortar 
with a pestle and transferred to a centrifuge tube. The powder is mixed there with extraction 
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buffer and PVPP and extracted for 15 min on ice. The polyvinylpyrrolidone (PVPP) binds 
phenolic compounds without also absorbing the sought proteins; other materials, like Dowex 
lX2-ion exchange resin, which was also tested, could not be used because of binding of these 
proteins. For protection against proteases which are liberated in larger amounts from the 
vacuoles, protease inhibitors must be added. A mixture of PMSF, leupeptin (against serine 
proteases), pepstatin (against acid proteases) and EDTA (against metalloproteases) should 
convey adequate protection. 5 mM ascorbic acid is also added for protection against oxidizing 
substances in the crude extract. 100 mM PBS is used as buffer for the soluble extract. If 
membrane-bound or proteins enclosed in the membranes are also to be liberated, a detergent 
must be added. For this purpose, 1% Triton can be used or preferably 10 mM CHAPS. After 
centrifuging of the extract to 10,000 rpm, the supernatant is diluted to 1:5 and rolled on a Denley 
roller at 4°C for 30 to 60 min. During this time part of the dissolved oligosaccharides precipitate 
from the plant extract. This precipitate is centrifuged and protein determination is carried out in 
order to have equal total amounts of protein in the experiment and control. After overnight < v f 
incubation of the corresponding affinity gel at 4°C on the Denley roller, the bound proteirias 
eluted in an Eppendorf flask under appropriate conditions and concentrated by ultrafiltrations 
After addition of SDS probe buffer, the finished probe is applied to Western gel and analyzed. 

During immunodetection of the filter-bound proteins, nonspecific signals can occur with 
the first and second antibodies from overcharging and saturation phenomena; streptavidin gave 
no nonspecific signals in one test. These can be reduced or entirely eliminated if, on the one * j 
hand, the filters are washed after incubation with the antibodies with 1M salt solutioh^fc^.'''^.^^^ 
(TBST/1M NaCl) and on the other hand, and much more effectively, the nonspecific Bindihg r 
sites of the antibodies, by preincubation of the antibody solution, are saturated with a wilH tyjie 
plant extract for 10 min at room temperature. Moreover, 0.1% Triton X-100 and O. l ^TWeeh 2Q 
can additionally be used as the detergent. 

A simple rapid analysis is tissue printing (Cassab and Varner, 1987). By pressmg 6ut : - 
tissue parts on a membrane, all the present proteins are essentially bound. There are no problems 
with this as in the production of extract. By using this method for calli obtained from—: ■ ; , ' 1 
transformed plants (A5, A 10), positive signals for all the sought proteins can be found (light . 
chain, heavy chain, and aggregated antibodies B 1-8), in which case the chlorophyll staining was 
clearly covered by the color development of alkaline phosphatase. By saturation of the employed 
antibodies as wild type extract, no cross reactions develop for the control spot and the green 
color of the chlorophyll remained visible. Positive signals for the light chain can be seen both 
with a polyclonal anti-X and with monoclonal Ls 136 (anti-A.) antibodies. With the polyclonal 
anti-jilg antibodies, the presence of the heavy chain could also be detected. By detection with the 



Ac 38 antibody directed specifically against an epitope close to the antigen binding site in B 1-8, 
the presence of aggregated B 1-8 produced by the plant was finally also detected. 

By direct Western blotting from the crude extract of calli or induced plant material, only 
unsatisfactory results can be achieved. Only the detection of processed light chain was possible 
for different callus material. By using affinity chromatographic purification with NP Sepharose 
and then Western blotting, the presence of a functional aggregated antibody to be indirectly 
demonstrated from induced leaf material of a greenhouse A10 plant indirectly by detection of the 
light chain from isolated, biologically active hapten-bound plant B 1-8 was determined. Just 
beneath the band for the light chain a cross reaction unexpectedly occurred. Repetition of the 
experiment with A5 tissue with addition of CHAPS led to a cleaner but very weak band for the 
light chain from a larger charge of induced leaf material (50 mg total protein); the protein was 
purified both with Ls 136 (only light chain) and with NP Sepharose (functional aggregated 
antibodies). The signal of both analyses corresponds to processed light chain. In no case was , ; 
such a band seen in the control with the wild type extract. By indirect detection of isolation of 
the functional antibody with hapten detection of the light chain contained in it, it could be; r 
demonstrated that plants are capable of synthesis of active monoclonal antibody whose » 
individual chains are fused with a plant signal peptide. :i • - ; V 

The difficult reproducibility of biological material is particularly clear in these analyses, 
precisely when inductions must be carried out. The total found amounts of antibody protein lies 
in the lowermost range of the detection limits and therefore form only a very limited fraction ojf^r: 
the total protein of the transformed plants. ; "A * >' 
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Figure IH/23: Western blotting of transgenic A plants 

a) Crude extract of Al 1 callus 

b) Crude extract of W38 callus- -.. ; . 

c) Positive control: purified B l-8r ; ; 

a-c) All tissue samples were extracted in denaturing probe buffer at 95 °C, detection with 
biotinylated anti-X antibodies ' h^vv : ^ v:v ^. ; 

d) Detection of functional B 1.-8 and induced greenhouse leaves (A10) by affinity 
chromatographic purification with NPSepharose: and denaturing Western blot from PBS extract, 
detection with anti-X antibodies ^ , 

e) , like d) Negative control with=Wr38i leaves 

f) and g) Analysis of 1 0 mM CHAPS-PBS extract from induced greenhouse leaves (A5) 
by affinity chromatographic purificatiori and denaturing Western blot, detectiori-with anti-X 
antibodies, y-^^S^:-' ■ %>v-v*7 : 

f) Detection of light chain witha l 3 6;aritibodies '•■'■*■ 

g) Detection of functional B 1-8 with NP Sepharose 

h) and i), like f) and g) Negativeicontrdl with W 38 leaves. '-—A 

3.15 Expression analysis of lysozyme plants by Western blotting : : v " 1 

For analysis of lysozyme plants, the same techniques and principles were used as for the 
antibody plants and are described in 3.14. 

For immunodetection of T4 lysozyme, a polyclonal anti-T4 lysozyme antibody was 
produced by injection of protein expressed in bacteria (furnished by R. Wetzel, Genentech). This 
was purified as described in 2.8. Despite purification via an affinity column, this antibody easily 
enters into cross reactions with the larger available amounts of nonspecific proteins and must 
therefore be appropriately pretreated. 
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By tissue printing (Cassab and Varner, 1967), both specific signals could be obtained, 
since despite all saturations and washings, coloring always occurs in the controls. 

Direct detection of T4 lysozymes in crude extracts should be readily possible after 
saturation of the promoter activity in the calli and also in strongly active leaf material, but is 
hampered by the occurrence of many cross-reacting bands in the Western blot. Only very weak 
signals could be obtained with this method which convey specificity. From highly active calli, 
obtained by direct DNA transfer, very weak bands could be seen with the size of the T4 
lysozyme applied as reference (produced in bacteria) (18.7 kDa), with a size of about 21 kDa and 
about 23 kDa. All intensities, however, lie at the outermost limit of the detection possibility and 
therefore indicate much lower presence of the sought protein than expected. As a result, 
processed and nonglycosylated T4 lysozyme must be present in the plant cells and the 21 kDa 
bands correspond to its precursor protein which still contains the signal peptide. In the extremely 
weak 23 kDa band, a glycosylated T4 lysozyme must be involved in which no assertion can be 
made concerning processing. Because of the low signal intensity, these bands can only be 
documented photographically with considerable difficulty. 

The detection of T4 lysozyme by Western blotting after enrichment by the affinity 
chromatographic method did not lead to success either without detergent or with Triton or 
CHAPS, although high NPT activity had been found in similar tissue. Since the presence of the 
sought protein in the plant tissue could be demonstrated without doubt and the T4 lysozyme is 
still primarily localized in the intercellular space (see 3.17), the nonidentifiability of this protein 
in the Western blot -after previous preparations of crude extract can only be attributed to 
insolubility, Which^arinot be eliminated by detergents, or to instability. On the other hand, the 
variability of Mpfessioh from cell to cell determined in immunogold labeling can also lead to 
only a low 6 veralP frequency of T4 lysozymes. 

Because of the difficult detection, no assertion can be made concerning the ratio of three 
found forms of T4 lysozyme (nonglycosylated-nonprocessed and processed, as well as probably 
a glycosylated form). The question is raised whether the glycosylated and nonglycosylated forms 
had different behavior relative to secretion. 
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Figure 111/24: Detection of T4 lysozyme in a callus obtained by naked DNA transfer from a 
CHAPS-SDS crude extract by detection with anti-T4 lysozyme antibodies. 

a) Transformed callus, 

b) SRI wild type callus. 

c) Positive control : T4 lysozyme purified and produced in bacteria (furnished by R. 



Wetzel). 




3.16 Localization of formed antibodies by immunogold labeling 

All preparations^ and the immunogold labeling were conducted in cooperation with Dr. 
Sigrun Hippe (Aachen).: 

Modern lo\yAtemperature electron microscopy, uses the.specially developed Lowicryl 
synthetic resin:^mj^e^y&^.agO/for localization of membrane-bound and also dissolved 
compounds in bipip^al?tissue..^. in embedding agents (Kellenberger et al., 1980; Carlemalm 
et al., 1982). Low t icryl:K4M is a polar and Lowicryl HM20 a nonpolar embedding resin. The 
major advantage, (^sists^f the good infiltration capability- of biological material and UV 
polymerization at lowjemperature. This mild preparation retains the ultrastructure of the 
embedded tissue excellently.. ~ v . ■ c-r*. 

Comparison-ofrSpurr's resin with Lowicryl HM 20 ^preparation of suspensions of the 
phytopathogenic^fungus^ Ustilago avenae during cryofixation in the propane jet demonstrates the 
improved structure retention (Hippe and Hermanns, 1 986; Hippe, 1987). For the present 
problem, i.e., detection of foreign proteins present in relatively limited amounts in compact plant 
tissue (stem, root,- leaf tissue), the preparation conditions had to be adjusted. The first attempt 
with the propane jet, which is well suited for cryofixation of plant cell monolayers (Hippe, 1985) 
did not lead to adequate retention of cellular structure. In addition, it had to be kept in mind that 
the sought protein is both bound in the cell and also secreted into the intercellular space, i.e., can 
be freely mobile. A conventional preparation at room temperature, like the PLT technique 
(progressive lowering temperature) is therefore ruled out, since both methods do not rule out 
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extraction of soluble cell and tissue components. Water-rich plant tissue can be frozen with the 
mentioned methods, as successfully used for the cell monolayer, but not optimally, since despite 
repeatedly modified attempts ice crystallization and the related partial destruction of tissue could 
not be prevented. A glass-like solidification (vitrification) of the tissue requires a shock freezing 
rate of 5.000-1 0.000°C/sec). By using high pressures, the required freezing rate can be reduced 
from the preparation. The high-pressure freezing method was developed by H. Moor (Zurich) in 
cooperation with the Balzers Co. (Balzers HPM 010) and this apparatus is the best one now 
available that meets the above requirements and optimally vitrifies the tissue samples up to 
20 jim thick (Moor, 1987). All required probes for immunogold labeling were therefore prepared 
in the laboratory by H. Moor (Zurich) by means of the HPF method (high-pressure freezing) on 
the Balzers HPM 010. The structure retention found in the investigated preparations is excellent. 
For trouble-free localization of the sought proteins for detection of secretion, this is an absolute 
requirement; 

" After freezing substitution in acetone, low-temperature embedding in Lowicryl HM 20 
resin and pdljnrndrization under UV light -35°C occur and thin sections are prepared at room 
temperature by -means of a diamond blade and trapped on filmed and carbon-sputtered nickel 
grids. The immune reactions were adjusted to the experiences from Western blotting. All 
employed gold preparations came from the Janssen Co. The electromicroscopic analysis was 
then conducted (see 2.13). 

Tdr'ahilysis of the A plants, it must be considered that the two genes for the light and 
heavy chains of the B 1-8 antibody are under the control of two different promoters. As 
mentioned in 3.6, the two promoters (pT R and pNOS) can achieve roughly the same expression 
in induced le^tisfcue arid a double promoter can there possess roughly five to six times the 
strength 6f the nopaline synthase promoter under particularly favorable conditions. Greater 
difference^ on thfe other hand, are possible in calli, because the double promoter experiences a 
significant Activity increase there in contrast to the NOS promoter. 

As £ result, analysis of calli only made sense with detection of the light chain. For 
detection of intafcf antibodies, induced stems can be used because of the on average better 
structuring of the plant tissue relative to callus tissue. 

The observed results are based on analysis of some sections of callus tissue with the 
LS 136 antibody (anti-X) and induced stems with the Ac 38 antibody (anti B 1-8). The employed 
first and second antibodies, as well as streptavidin unexpectedly exhibited distinct nonspecific 
binding in the controls which is not the case in the polyclonal anti-T4 lysozyme antibody (see 
3.17) and is therefore in contrast to the experiences from Western blotting (see 3.14 and 3.15). 
By using different blocking agents (gelatin, lysine, W 38 wild-type extract, goat normal serum), 
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however, cleaner controls could finally be obtained. This is an absolute requirement for clear 
interpretation of the labelings at the low signal frequency found in these analyses. 

Ultrathin sections of induced stems of plant A5 were incubated with Ac 38 antibodies in 
gold-adsorbed anti-mouse IgG antibodies (G 10). The controls did not exhibit nonspecific 
labeling. Labeling in this preparation is associated with the endoplasmic reticulum and is 
surprisingly found in chloroplasts in labeling-free surroundings. Each chloroplast contains about 
10 to 20 gold particles, often localized on thylakoid membranes. Sections of A5 callus tissue 
were incubated with biotinylated Ls 136 antibodies and then with streptavidin gold (G 10). 
Conspicuous labeling is found here in accumulations of 3-10 gold particles in the cytoplasm 
which such accumulations not being seen in the controls. In none of the analyses thus far has 
labeling been found in the vicinity of the cell walls or in the intercellular space or an indication 
of association of antibodies or the light chain with the Golgi apparatus or vesicles. 

Further detailed analyses with both antibodies will provide information concerning the 
statistical significance of the observed signals and permit a more extensive localization. 

By means of the available data it must be stated that synthesis and assembling of a 
monoclonal (B 1-8) antibody whose light and heavy chains are fused with a plant ^signal peptide 
occur in the plant cells on the rough ER and detection occurs with Ac 38 antibodies directed 
against the intact B 1-8. By incubation of the Ls 136 antibodies, the light chain could be detected 
both in isolated form and bound in aggregated B 1-8 antibodies. By comparison with the Ac 
38-labeled preparation in which no free cytoplasmic labeling has thus far beenfc 
assumed that at least partially isolated chains are involved which are locdiz^.fteel:y-'in;the- . 
cytoplasm. Aggregated B 1-8 antibodies are also found in the chloroplasts, sincg^the relative 
percentage of gold particles bound there is very high relative to the total number In comparison, 
this percentage is very low for T4 lysozyme (see 3.17). Together with the datatfrpm^estern 
blotting, it is therefore clearly demonstrated that synthesis and assembling of a monoclonal 
antibody is possible in plants, at least during fusion of the individual chains with a plant signal 
peptide. >. * ^! 



Figure HI/25: LocMfi^^^^^ antibodies and their light chain by immunogold 

labeling. A5 and W ^wld't^pe stem tissue (induced) and callus, prepared according 
to 2.13, labeling eitH^plhe ^Lc^3 8 and gold-adsorbed anti-mouse IgG antibodies 
(G 10) (a-c, f-g) or with biotinylated Ls 136 and streptavidin gold (G 10) (d-e). 

a) A5 callus: endoplasmic reticulum with labeling (1:35,000/Ac 38) 

b) + c) A5 lowermost stem piece induced: typical labeled chloroplasts (1:18,000 to 
I:26,000/Ac38) 

d) + e): A5 callus: accumulated cytoplasmic labeling (1:38,500 to 1:48,000/Ls 136) 
f)-g): W 28 wild type control 

f) Cytoplasm with endoplasmic reticulum (1:1 7,000/ Ac 3 8) 

g) Chloroplast (1 :30,000/Ac 38) 
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3.17 Localization of formed T4 lysozyme by immunogold labeling 

With the method of low temperature-high pressure preparation described in 3.16, calli 
and leaves, fresh stems and induced ones, as well as roots, from the plant L2 were frozen. The 
most promising samples after the NPT test of adjacent tissue pieces were both the induced stems 
and leaves and the fresh parts and calli: the highest activity was exhibited by the induced stems 
and these samples were therefore chosen for first examination. In Acetabularia, the anti-T4 
lysozyme antibodies used here were already successfully used to detect T4 lysozyme produced 
there in indirect immunofluorescence. Because of this analysis, it was known that production of a 
protein that is recognized specifically by this antibody and therefore must be identical to T4 
lysozyme is possible in plant.organisms. Since localization of foreign proteins in transgenic 
plants has still not been described in the literature, the degree of expression in relation to the 
expected signal was an uncertainty factor. Moreover, different antibody systems produced 
differently strong signals: with the same presence of antigen. The highest expressing plant parts 
were therefore initially used for investigation. 

In samples of induped stems, alternating strong signals were found for T4 lysozymes. By 
corresponding blocking: of nonspecific binding types of this antibodywith wild type W 38-PBS 
. extract, cross reaction,can?be ruled out. In the controls only in normal, extremely limited and 
statistically distributed-frequency of nonspecifically bound gold particles occurred. The promoter 
intensity obviously varies from cell to cell, since both strongly expressing and weakly expressing 
cells are found in one^pFep^ation in the series, section. This can be attributed to the worked out 
(see 3.6) hormone-dgtendent expression of the double promoter, if one assumes that the 
hormone ratios can varytfrom -^ell to cell. However, other factors. possibly also play a role here, 
including damage Qf^e&ells>by produced T4 lysozyme. • • •/: c ■ 

Inununogold labelmg^see Figure 111/26) is found in strongly concentrated form in the 
intercellular spaces of *he stem cells, while the gold particles are associated with filament-like, 
network-like stmctures.;Chey^start sometimes from the cell .wall and enter the interior of the 
intercellular space Mdfsoirfetimes branch off and, on the other hand, are present in isolated 
fashion in clusters in the, interior. The structures are very likely associates of either pure T4 
lysozyme or are in conjunction with other proteins and are not found in the controls. Significant 
numbers of gold points are found in isolated form in the cytoplasm. They are situated on 
filamentary structures, mostly on the periphery of the cell. Characteristic accumulations of gold 
labelings occur in and in the vicinity of plasmodesmata and in this way the synthesized T4 
lysozyme is distributed within the cells. Labeled structures are observed differently in the 
cytoplasm, which must be viewed as crystallized lysozyme. Gold labeling was strikingly 
detected in series section in proplastids of the phloem on strongly electron-dense, filamentary or 
crystalline structures. The crystalline structures in the cytoplasm and in the proplastids are 
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similar to each other. Weak labeling can also be observed in the chloroplasts. A weak labeling is 
also found in isolated fashion in the cell walls. The gold points are homogeneously distributed in 
the phloem cells in the vicinity of the cell wall and transported T4 lysozyme occurs here through 
the entire plant. In particular, cells in the region of labeled lysozyme-rich intercellular areas 
exhibit intracellular labeling. 

The production of T4 lysozyme in plant cells was therefore clearly confirmed. The 
protein is obviously not produced cytoplasmically, but in secretory fashion and secreted by the 
endoplasmic reticulum. The largest part of the produced T4 lysozyme is localized intercellularly, 
but part is obviously stored by the plants in the phloem proplastids and also cytoplasmically. 

Gubler et al. (1987) revealed, with immunofluorescence and also immunogold labeling, 
the localization of a-amylase in aleurone tissue in the resting state and after induction with 
gibberellic acid. Previously the same labeled regions were described there: fluorescence in the 
cytoplasm at discrete sites, accumulated in some regions, but of the same type in all cells, after 
induction also in the vicinity of (he internal cell wall. The cytoplasmic fluorescence occurs in 
special strand-like structures, generally in the periphery of the cell; the signal in digested cell 
wall regions are associated with; the By immunogold labeling,, strong hydrolysis 

of the cell wall and labeling around groups of plasmodesmata could be refined and a larger 
number of gold points could be'defected in the vicinity of the plasmodesmata in undigested wall 
pieces. Localization in proplastids or chloroplasts has thus far not been reported. It can stated as 
a result of immunogold labeling on stems of the L2 plant that the specificity of localization of 
a-amylase from barley in aleurone tissue is also retained for the signal peptide used with T4 
lysozyme in the stem tissue of tobacco plants. The T4 lysozyme is also found in the intercellular 
space and has therefore passed* through the cell wall and has been efficiently secreted. The size 
of a globular protein, which can still pass through pores of the cell wall is estimated at about 
3.8-4.0 nm diameter with a molecular weight of about 17 kDa (Gubler et al., 1987), and T4 
lysozyme has a molecular weight .of 1 8.7 kDa. 

The objective of this project; : tp,permit secretion of the protein in plants by fusion of T4 
lysozyme of a prokaryotic proteih;to the signal peptide of a plant protein,, was therefore achieved. 
Passage through the cell wall is obviously made possible by the still suitable size of the protein, 
which in the case of a-amylase is no .longer possible and occurs only by gibberellic acid-induced 
hydrolysis of the cell wall. Characteristic details of secretion of a-amylase, which were only 
recently described, are also maintained in these plants produced by genetic engineering, which 
permits interesting conclusions concerning the method of functioning of signal peptides, at least 
in plants. The localization of the foreign protein in obviously crystallized form in proplastids of 
the flowing region is an important interesting secondary phenomenon. 
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Figure HI/26: Localization of T4 lysozyme by immunogold labeling. 
L 2 and W 38 wild type stem tissue prepared according to 2.13, labeling 
with anti-T4 lysozyme antibodies and protein A gold (G 10). 

.- . a)-i): L2 lowermost stem piece 
• - - : - -a) Intereellular space with strong gold labeling (1 : 14,000) 

b) Localization of T4 lysozyme on filamentary network-like structures in the intercellul^ i^:;! /; 
space (1:64,000) "". ^^^Z^ 

c) Labeling in cytoplasm (1:41,000) / . / : 

d) Labeled needle-like crystals in cytoplasm (1 :62,500) ; ^^i^;. • ; 

- : e) + f) Proplastids with labeled crystalline inclusions (1:21,000 to 1:35,000) . ^ ^ 

- ^ V g) Chloroplasts with labeling (1:16,000) ^ ^1*^^ ; 
: ' • - : . ^ h) + i) Concentrated accumulation of gold particles in the cell wall region of phlo^c^s^l^ - ; 
(1:43,000 to 1 :35,000) : - 

k) Detection of T4 lysozymes in plasmodesmata (1 :34,000) - ; ^ 

: U l)-n): W 38 wild type control :--^4k 

^ ;« v 1) Section from a cell (1 :24,000) , ^ 

m) In cytoplasm section (1 :41,000) ^ 

n) Intercellular space (1:18,000). ;i 

IV. Discussion • - ■ r 

The task posed in the present study of expression, assembling (in antibody) and secretion 
of single and multiple-chain proteins not endogenous to plants in Nicotiana tabacum could not 
be solved without developing modern highly sensitive detection methods and carrying out 
activity analysis of the employed promoter. 
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All constructions were based primarily on the use of Tr-1',2' double promoter (Velten 
et aL, 1984; Velten and Schell, 1986), which at the time of construction was considered as a 
constitutive, strongly expressing promoter and had been constructed from the 
selection-expression vectors (Velten and Schell, 1986). The neomycin phosphotransferase II 
(NPT) gene is available in the T position as selectable marker and reporter gene. The relative 
intensify of expression of the gene being tested cloned in the V position can be checked with 
this. Thus far it was only known that both promoter directions are expressed equally strongly in 
calli (Velten et aL, 1984; Velten and Schell, 1986). M. Prols and R. Topfer (personal 
communication) in the mean time also tested transient expression in carrot protoplasts and here 
also found equivalent activity of both directions in comparable intensity of this promoter with the 
CaMV 35S promoter that was then recognized as the strongest constitutive promoter, i.e., about 
0.1% of the specific protein in total protein. The same applies for expression of these two 
promoters in calli. 

The T4 lysozyme. gene and the gene for the light chain of the monoclonal antibodies were 
cloned in the V positionzof the vector pAP 2034 (Velten and Schell, 1986). For the heavy chain 
of the monoclonal antibody, the nopaline synthase promoter from T-DNA of Agrobacterium 
tumefaciens was chosen as the second available promoter. The genes for both chains were cloned 
into aplasmid. 

After a few RNA and protein analyses were conducted without success, there were 
indications that the Trc double promoter is not expressed constitutively, but in differentiated 
fashion in intact plants and -also through induction by plant hormones (A. Szalay, C. Koncz, 
personal commuriicatiori)! An activity analysis of this promoter was then undertaken in order to 
clarify under which Conditions expression is to be expected at all and, which activity overall can 
be achieved in the different tissues and under which culture conditions. The starting point for the 
induction analysis was thelassumption that the promoter is inducible by auxins and/or cytokinins 
(A. Szalay, C. Konez^persohal communication). As described under 3.6, a series of different 
hormone concentratiohs'and.ratios were tested under different conditions and with different 
tissue parts for induction, lias well as fine-structure for all possible parts of the sterile culture plant 
with the NPT test to their relative activity. Comparison for quantitative estimation of the 
expression level was plotted in each case with the extract of the 35S NPT callus. The following 
picture emerges as a summary of all these experiments: the double promoter is expressed in the 
intact plants increasingly from the top down in an activity gradient. Tissue-specific expression 
cannot be spoken of, since higher signals are not only measured from the roots, but also from the 
lower part of the stem and sometimes also from the lowermost leaf. The expression pattern in the 
different regenerated transformants, which all start from the same vector pAP 2034, is very 
different. A large part exhibits the highest activity in the transition region from the stem to the 
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roots, another part, however, exhibits higher activity only in the roots. Only sometimes do we 
also detect good activity in the lowermost leaf (especially on the front edge), but only slightly 
higher expression prevails here than in the other leaves. The differentiated activity distribution 
obviously also depends on the development state of the investigated specimen of a plant. The 
increase in activity in the double promoter in the transformed plants from the top down 
qualitatively agrees with the previously known data from A. Szalay.- 

The studies on inducibility of the promoter led to a positive result. It can be achieved 
both by wounding alone and by addition of plant hormones. 2,4-D and kinetin 1 :1 in a 10" 5 molar 
concentration proved to be the optimal hormone combination. These conditions were tested by 
incubation on the base of cutoff leaves in liquid M + S medium with and without additives. In 
this case, efficient induction is obtained only with hormone addition. The promoter behaves 
differently when the leaves are cultured on solid medium with and without additives cut into 
small pieces. No difference can then be found between the two conditions and both times the 
same induction is achieved. If cut stem segments are used for induction, the same effect without 
differences is obtained. It must be concluded from this that the induction factors depend on the 
ratio of wound surface to total tissue. In whole plants, this ratio is extremely low, in cut stem 
segments it is highest and the inducibility is increased accordingly with an increase in this ratio 
from whole leaves via leaf strips to leaf pieces. Generally all tissues, whether from the 
uppermost or lowermost leaf, are capable of achieving the same level of expression. 

Extending these results, the very high expression in calli (which are cultured on 
exogenous hormones) and the good transient expression in protoplasts fit with the previously 
described data. Calli are the natural environment in which after infection of wounded plants the 
opine genes of the transfer T-DNA from Agrobacterium tumefaciens are activated (Gelvin et al., 
1981). The hormone ratios arid thus growth of this crown gall is coded and controlled by the 
genes 1,2 also coded by T-DNA (for auxin synthesis) (Schroder et al, 1984; Kemper et al., 
1985) and gene 4 (for cytokinin synthesis) (Akiyoshi et al., 1984). The morphology of such 
tumors is determined by the amount and ratios of the produced plant hormones (Amasino and 
Miller, 1982; Aktyoshi et al., 1983). This gives a further indication of the effect of auxin and 
cytokinin on expression of the double promoter. The observed differently high expression in the 
calli of different morphology fits in conclusively: from unorganized to higher organized states, 
expression diminishes, while the hormone ratios in natural tumors ofthe same texture (Amasino 
and Miller, 1982; Akiyoshi et al., 1983) deviate from the experimentally determined optimal 
values. Unorganized calli possess comparatively lower percentage of auxin and roughly the same 
amount of cytokinin as well organized calli. These measurements, as well as the fact that the 
highest expression in the plant lies not at the tip, but in the transition region from the stem and 
roots, confirm the experimental finding that cytokinin is also necessary for induction. 
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An interesting study in this respect is the recently published study concerning the stability 
of cytokinin in the presence of auxin (Palni et al., 1988). The authors found an inverse 
correlation between the concentration of auxin and cytokinin in plant tissue. Degradation of 
cytokinin occurs at least partially through the enzyme cytokinin oxidase whose activity is 
obviously influenced by the concentration of auxin. The percentage of cytokinin taken up in the 
plant tissue of the total supplied cytokinin is about 30%. The ratios described in this study offer a 
basis for further detailed mechanistic studies on regulation of the Tr double promoter. The 
effective hormone concentrations and ratios in the plants actually appear to be regulated in far 
more complex fashion than would correspond to the exogeneously applied conditions. A specific 
analysis of the background of these data should make it possible to establish the hormone 
conditions that are ultimately optimal for activity of a double promoter. 

In addition to in vitro inductions in sterile culture, an induction on the intact plants could 
also be achieved on greenhouse plants by wounding and hormone treatment. It could therefore be 
assumed that the same mechanisms are activated and the double promoter is induced in vivo 
during wounding from, say, pests. v ?-:v . - 

The inducing factors naturally could not be clearly identified based on these 5 ex;periments, 
since the objective was only to work out optimal expression conditions. The effect of wounding 
and of exogenous hormone addition was clearly demonstrated, but it is not clear whether the 
substance acetosyringone synthesized by a wounded plant cell exerts an effect. The fact that 
wounding alone is sufficient for activation of this promoter was demonstrated by numerous . 
experiments with stem segments and by cutting of leaves into small pieces. In these experiments, 
ho additional increase could be achieved by additional hormones. With a very small wound ; 
surface, however, induction only occurs by addition of hormones. Endogenous facjpps^ alone are 
obviously capable of driving the activity of the promoter to the highest possible stagehand these 
conditions apparently cannot be simulated from the outside. However, wounding and hormone 
effects are also involved here. r;;v.- v 

Wounding and hormones are each sufficient alone for the exogeneously highest possible 
attainable induction of the double promoter, but both together do not yield an additive effect. It 
therefore cannot be stated which of the two is the primary or secondary effect. It is known that 
during wounding hormone biosynthesis is activated, for which reason it might be that wounding 
is merely a triggering factor and the forming hormone concentrations and ratios are the 
regulating factor. This hypothesis is supported by the finding that differential expression from 
the top down is also present in intact healthy plants. Auxin biosynthesis occurs in the tip of the 
plant (apical dominance) and that of cytokinins in the roots. Both hormones are transported 
oppositely through the plant so that a hormone gradient is produced. The apical dominance of the 
plant is eliminated by cutting off the tip, the hormone conditions are altered and the activity of 
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the Tr double promoter rises (A. Szalay, personal communication). All these observations 
suggest direct regulation by hormones, however, in which the effect of other (especially 
wound-dependent factors, for example, acetosyringone) are not ruled out, especially for the 
highest possible expression. 

The results from immunogold labeling show that the activity of the double promoter 
obviously can also deviate very sharply in neighboring cells. Cells with very high expression and 
cells with weaker expression were found next to each other. This phenomenon might be due to 
different states of development of the individual cells and therefore opens up additional 
approaches for analysis of promoter regulation. In the case of lysozyme plant L2, this effect can 
also be attributed to effects of the produced lysozyme of different intensity. 

The single lysozyme plant L2 obtained from a leaf disk test shows an abnormally high 
base level of expression in intact tissue in all NPT tests and, unlike all the other analyzed 
transformants, is no longer inducible. At the wounding sites on the lower stem, hard, white (well 
organized) calli repeatedly form, which were sometimes subjected to an NPT test. As expected, 
they exhibited about 1/5 the activity of unorganized soft calli that correspond to the activity of a 
- 35S NPT callus. A possible explanation would be damage to the cell wall by T4 lysozyme ^ 
synthesized by the plants, which could cause a persistent state of wounding (see below). This 
demonstrates that the induction conditions worked out in vitro also occur in vivo without 
external additives and lead to the same results. 

All previously discussed results refer to analysis of the T position of the double promoter. 
In order to also test the asserted and thus far detected equally high expression of the Imposition 
only in calli, only transformed plants could be resorted to that contain the l f NPT gene in:an 
environment other than the previously investigated 2' NPT gene (furnished by 'G. Couplaind, - 
Cologne). No general differences in expression and inducibility were found for these plantsr 
However, a systematic study with a construction that makes both directions in a plant ahalyzable 
and correlatable is necessary and being set up (R. Masterson, personal communication). . 

Transfer of the tests just described to the NOS promoter (Depicker et al., 1 982; Bevah 
et al., 1983), despite all previous publications that describe it as clearly constitutive (see Sanders 
et al., 1987), was successful. Such a relation does not appear illogical, since both promoters 
control the genes for synthesis of opines and both are components of the T-DNA of the Ti 
plasmids from agrobacteria. The magnitudes of the maximum inducibility in the NPT tests differ 
clearly (pT R up to 170x and lOOOx, pNOS up to 20x), but the factors for exogenous induction as 
well as the base states of expression of both promoters are of the same order. 

Harpster et al. (1988) just published a comparison of CaMV 35S 1', T and NOS promoter 
on the RNA level by primer extension analysis. However, this study was only conducted in calli. 
Differently strong signals for the V and 2' position of the double promoter were found in tobacco 
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calli. The 35S promoter as a result is about two to three times as strong as the 2 f position, but 
about 10 to 15 times stronger than the 1' position and for the NOS promoter only slightly lower 
values are found. The promoter strengths are therefore arranged in two groups, in which the T 
position is somewhat weaker than the 35S promoter and the V position as well as the NOS 
promoter are about equally weak (10% of the 2' activity). The found ratios for 35S and NOS 
promoter do correlate with those of Sanders et al. (1987), but the values for the double promoter 
are not consistent with the already known values and the ones measured in this study from the 
enzyme test. The measurement might also be influenced by the regulated expression of the 
double promoter, which is not considered, since no culture conditions are stated and no 
conclusions can be drawn concerning this. This again demonstrates the importance of activity 
analysis of both promoter directions in one transgenic plant and callus and protoplasts cultivated 
from it. 

The molecular regulation mechanisms require a detailed analysis, which is being 
conducted for the T R promoter by R. Masierson (personal communication). The differences 
between pNOS and pT R suggest that the promoters could differ by the number of activating . : 
elements. Whereas the effectiveness of a conserved element that both possess could be imagined ^ 
for the common regulation mechanism, the presence of a second activating element that must be 
regulated by additional effects would be conceivable for the also strong activation in calli of A , \ 
protoplasts. For an analogous 2' promoter of T R -DNA from pTiB 6 806 (another Ti plasmid), 
DiRita and Gelvin (1987) found the presence of two motifs from the SV 40 enhancer (Zenke 
et al., 1986), which contain precisely the same sequences in the l',2' double promoter analyzed * t 
here. They also identified a fragment of the promoter which has a regulating effect and can , ; :. / v ; 
reactivate an octopine synthase minimal promoter. Even in the NOS promoter, a more precise^ V: 
structural investigation has since been conducted. It turned out that a 19-bp deletion led to $vyy- : : 
complete disengagement of the promoter and duplication of this sequence, on the other hand,:- - 
increased the promoter strength significantly (Ebert et al., 1987). Both promoters therefore , ; * v 
contain activating elements. - 

The worked out properties of the T R double promoter make it appear as an appropriate v > 
candidate for construction of resistance genes which are optimally engaged only as needed in; 
order to protect healthy transformed plants from loading by resistance proteins. Thus far no qther 
promoter has been described that has similar or more favorable properties. Mostly local strong 
activation of transcription occurs from wounding, which should be sufficient to make the 
necessary amounts of resistance protein available. The question whether activation occurs 
quickly enough has still not been clearly answered. In kinetic studies of in vitro induction of the 
double promoter, a rise in activity was found only after 1 to 2 days and the maximum expression 
after about 5 to 6 days. The data from greenhouse plants (stronger rise already after 1 day) and of 
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transient expression in protoplasts, however, suggest that more rapid induction occurs in vivo. 
By multiplication of activating elements, the inducibility should be further increased, as was 
recently demonstrated for the 35S promoter (Kay et al., 1987; Ow et al., 1987). 

Optimal adjustment of the agrobacteria to their host is the specifically activated 
expression of bacterial genes that lead to synthesis of compounds in the wounded plant tissue 
that can be used as a raw material source by genes coded also on the Ti plasmid. 

In addition to expression in plants, the double promoter was also tested for its expression 
capability in bacteria. Gelvin et al. (1981, 1985) found for the aforementioned analogous 2' 
promoter a weak activity both in agrobacteria and in E coli. It is sufficient to culture these 
transformed bacteria under kanamycin selection. The double promoter analyzed here is also 
active in both bacteria, but the strength is not sufficient to perform selection by kanamycin. The 
principal difference of the two promoters is the size of the employed promoter. Whereas Gelvin 
et al. cloned the marker gene instead of the originally present mannopine synthase gene in the Ti 
plasmid, here we worked with an isolated 470 bp long fragment, to which foreign sequences are 
I linked in both directions in vitro. Important signals in the complementary strand of the gene read 
^inthe other direction might be present forexpi;ession in bacteria. 

r The expression of a T4 lysozyme gene under the control of the V position in agrobacteria 
must therefore be carefully considered. It was possible without problems to introduce the 
' plasmid pSR 2-4 by homologous recombination intact in agrobacteria. As a result, expression in 
>a normal bacterial nutrient medium cannot be so high that these are lysed. Another explanation 
. would.be the inactivity of T4 lysozyme relative to agrobacteria. The activity of T4 lysozyme 
^against Microcococcus lysodeicticus was demonstrated in the course of this work (see 2.12.1 1) ; 
;4/iiie?first explanation therefore appears moreJikely. In addition, an attack of cytoplasm on the 

celh membrane corresponds to the natural mechanism of infection of E. coli by the phage T4. ., 
^Additional hints are obtained from transformation of Nicotiana tabacum with plasmid pSR 2-4. 
: As already mentioned, only a single transformant could be regenerated from a number of leaf . 
^diskifests which incorporated the lysozymegene. In this method, the DNA transfer is produced 
* by, agrobacteria, but, on the other hand, naked DNA transfer is carried out by means of 
protoplasts and a routine number of transformed calli is obtained (R. Hain, personal 
communication). No difference is found relative to transformation of other genes and 
consequently the problem in the first method must lie in stronger expression of the double 
promoter at the time of coculturing of the agrobacteria with the leaf pieces, which must result in 
increased lysozyme production and thus corresponding damage to the cell wall. As a result of 
this, DNA transfer is then inhibited. A negative effect of T4 lysozyme on the plant cell wall 
cannot be ruled out either. The plant L2 always has a very high NPT expression and is not 
inducible, which means the maximum expression is obviously already reached. This could be 
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attributed by the fact that the formed lysozyme exerts a degrading effect on the cell wall, which 
causes the liberation of signal molecules (similar to acetosyringone) and as a chain reaction and 
stimulation of the double promoter. Identification of the regulating substances of the double 
promoter will be helpful but the explanation of such a complex event as wounding of a plant cell 
with all the occurring reactions remains difficult. 

A conclusive hypothesis can be advanced with the observations just made and 
demonstrated by our own experimental observations and other published data. Expression of 
lysozyme does occur in agrobacteria but only in nontoxic amounts. Matthyse (1986) was able to 
demonstrate that the presence of auxin is necessary in the bacterial cells for successful 
attachment of agrobacteria in plant cells. The auxin can either be produced by the bacterium 
itself or secreted by the wounded plant cell and taken up by the bacterium. Since the T-DNA 
genes for auxin biosynthesis (genes 1 and 2) are deleted in the Ti plasmid used here, only the 
auxin liberated by the wounded plant cell can consequently be considered a determining factor. 
As was demonstrated in this study, auxin alone also has a stimulating effect to a certain degree 
on expressibn 6f the T R double promoter in plant cells. It can be assumed that a similar 
regulati6ii:iFalso possible on bacteria, provided that all necessary interacting factors are present 
there. As a result of increased expression of the double promoter, the content of T4 lysozyme in 
the bacteria will increase, which results in damage or even lysis. An alternative is possible 
expression of chromosomal bacteria auxin genes induced by plant wound secretions. The binding 
of A. tumefdciens to plant cells obviously involves bacterial surface proteins and 
lipopolys^cchaKdes whose production is apparently also auxin-related (Matthysse, 1986). 
Transfer 'of agfobacteria DNA to plant cells obviously requires a complex machinery of bacterial 
and plMt^aciorsf, sdme of which can be destroyed by T4 lysozyme. The single transformed plant 
obtained ; by 'the leaf disk test for plasmid pSR 2-4 must therefore be considered a random 
exceptibh;~These conclusions are supported by the experimental result that during a direct DNA 
transfer via'pfotoplasts, no changes are observed relative to routine transformations. Unusually 
high expression of the double promoter was found in all NPT tests of plant L2, but on the other 
hand, induction of expression could not be achieved in any case in this plant. This suggests that 
this plant is also in intact form in a "wounded" state that offers favorable expression conditions 
for the Tr promoter. By secretion of T4 lysozyme, this enzyme reaches the cell wall and the 
intercellular space and it cannot be ruled out that similar bonds are present in the murein sacculus 
of bacteria that can be opened by lysozyme (lysozyme cleaves the glycoside bond between 
N-acetylmuraminic acid and N-acetylglucosamine). Attack can therefore occur on the cell wall 
from both sides. A state of wounding is produced by this that does leave the cell itself intact, but 
nevertheless activates wounding reactions and consequently also leads to the production of plant 
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hormones. This means that high expression of T4 lysozyme in plant cells would be ensured in a 
circular process by "artificial" autoregulation. 

The expression of T4 lysozyme was detected in Acetabularia by immunofluorescence in 
cooperation with G. Neuhaus (Ladenburg). A clear assertion concerning secretion of this protein 
could not be obtained. No data were known concerning possible damage to Acetabularia cells. 

Clear detection of the presence of T4 lysozyme in the transgenic plant L2 could be 
obtained by immunogold labeling. The percentage of this protein in the total protein appears to 
fluctuate sharply, which is probably attributable to specific properties of the T R double promoter 
(see above). However, cell-specific expression can also reflect effects of T4 lysozyme produced 
particularly strongly in these cells and an autocatalytic mechanism (see above). The observed 
localization of T4 lysozyme confirmed the secretion of a monomeric small foreign protein under 
the control of a plant signal peptide expected of the gene fusion constructed in it this work 
(pSR2-4). • 

The sigiial peptide of ot-amylase from barley was selected at the beginning of this work 
because at that time* it was the best investigated secretion system in plants (Jacobsen and Knox, 
1973; Jones : Md^€heh/ 1 976; Locy and Kende, 1578; Jones and Jacobsen, 1982). Processing and 
secretion of intact wheat a-amylase in yeast had already also been successful (Rothstein et al., 
1984). A cDNA clone (clone E) was previously isolated and characterized (Rogers and 
Milliman, 1 983). Since then, additional very important data concerning secretion and location of 
a-amylase"frbm%arfey in aleurone tissue had become known (Fernandez and Staehelin, 1985; 
Gubler et ai:?l#86; 1 987). - - " * 

FusKik? bfSP^breign protein to the plant signal peptide obviously has no effect on its 
functional caf abil^: and ; specificity. The secretion mechanism, at least by T4 lysozyme, is not 
hampered omdverisely affected. This can naturally be attributed. to the favorable properties of 
this proteihr-Piod^ction of this protein in tobacco cells presumably does not occur on free 
ribosomesrsinfee it: was detected by gold labeling-that a secretion pathway is involved. Gold 
particles afe#6u6d ; in'some regions of the cytoplasm on filamentary, strand-like and network-like 
stmcUiresJ^bbrdifigto the current interpretation, a conformation-must be maintained by the 
signal peptide that permits insertion of the newly synthesized protein into the ER membrane. If a 
protein is folded before insertion to its final spatial structure, no insertion is possible any longer 
in most cases (Zimmerman and Meyer, 1986) and only a few exceptions are known (Muller and 
Zimmerman, 1987; Walter, 1987; Wiedmann et al., 1987b). No membrane-anchoring sequences 
(Mize et al., 1986; Munro and Pelham, 1987) can be present in T4 lysozyme either (stop transfer 
sequences). No assertion can be made by means of electron microscopic data concerning 
processing of the precursor protein during entry into the ER membrane. The natural conserved 
positions are no longer present in this fusion, since no parts of the mature ct-amylase protein 
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were transferred. Instead, a direct linking of the last amino acid of the signal peptide to the first 
amino acid of T4 lysozyme was constructed. However, secretion is also possible if no processing 
functions occur (Kaiser et al, 1987); the remaining additional amino-terminal polypeptide part 
can then have negative effects on the functional capability of the synthesized protein. The 
available data from Western blotting, however, show that processing of the chimeric protein 
obviously occurs. 

T4 lysozyme has a potential consensus sequence for N-bound glycosylation 
(Asn-X-Ser/Thr) in natural prokaryotic systems; no glycosylation occurs so that this sequence 
has no significance there. It is localized between amino acids 140 and 142, which are situated in 
a position that is well accessible from the outside (cf. Remington and Mathews, 1978; Mathews 
et al., 1981, 1983). No steric hindrance for glycosylation in the ER and Golgi apparatus should 
therefore be expected. A change of the protein can occur by possible glycosylation in the plants, 
from which, however, no effects on the functionality of the active center are expected, since both 
regions are adjacent but are not functionally linked (see.Mathews et al., 1983). On the other 
hand, examples are known in which glycosylation is essential for secretion (Olden et al., 1982; 
Ferro-Novick, 1985; Guan et aL, 1985). Glycosylation of the produced T4 lysozyme could not be 
analyzed because of the limited detectable amounts. 

The fact that the labelings in the experiment with the transgenic plants occur at the same 
sites as found by Gubler et al. (1987) for the aleurone tissue of barley with a-amylase itself, the 
association with filamentary structures in the cytoplasmjnxpncentrated form in some regions of 
the cell and the localization on and in the plasmodesmata; should be emphasized in particular. 
These characteristic details of secretion of a-amylase in completely different tissue of another . 
plant are retained during genetic engineering construpjion^th a foreign protein in tobacco. 
Transport of a-amylase into the vicinity of plasmodesmata pbviously occurs because a highly 
specialized cell wall region exists in aleurone cells that differs distinctly in composition from the 
rest of the cell wall. This internal resistant wall layer preserves. its integrity even in the presence 
of strong cell wall-hydrolyzing enzymes. Cell wall hydrolysis occurs most often in the vicinity of 
plasmadesmata, for which reason the most favorable conditions for secretion of proteins through, 
the cell wall are present here. These structures are not present in normal tobacco cells, for which 
reason such specialized accumulation of the secreted protein would not be necessary there and as 
a result should not be coded by the cell either. Nevertheless, the same properties are observed, 
which can only be attributed to the fact that specific information for localization of a-amylase 
must be stored within the signal peptide, since these are the only consistent sequences between 
natural a-amylase in the signal peptide-T4 lysozyme fusion. Thus far, no clarity has yet been 
obtained whether such information is stored in a signal peptide or whether specific localizations 
are coded within other sequences in mature cells and the single task of the signal peptide is 
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merely insertion of the nascent protein in the ER. The present results clearly suggest that, at least 
in the case of ct-amylase from barley, such information must be stored in the signal peptide. 

After the T4 lysozyme has passed through the entire secretion path of a-amylase and has 
reached the cell wall, mostly in the vicinity of plasmodesmata, the differences between the two 
proteins now come to bear. a-Amylase is an enzyme with a molecular weight of about 45 kDa, 
whereas T4 lysozyme at 18.7 kDa is much smaller and has an ellipsoidal structure (cf. Grutter 
et al, 1983). The maximum diameter of a globular protein that can still pass through pores in the 
cell wall is estimated at about 3.8-4.0 nm, which corresponds to about 17 kDa (cf. Gubler et al., 
1987). Since T4 lysozyme, however, has an ellipsoidal structure, it must still fall in the permitted 
range and passing through the pores of an intact cell should be possible. Gold labeling in the 
intercellular spaces of the transgenic plants is actually also found, i.e., secretion of T4 lysozyme 
is also possible through the cell wall up to the intercellular space by analogy to the pathogenesis 
related (PR) proteins (Parent and Asselin, 1984; Carr et al., 1987). 

By fusion of a plant signal peptide with a nonsecreted small prokaryotic protein, it is also 
possible to achieve its extracellular localization. Additional studies on detailed analysis of the 
secretion pathway can be conducted on the present preparations (localization in ER, in the Golgi 
apparatus and in vesicles, etc.). v : * ; 

/ The found inclusions of T4 lysozymes in obviously crystalline form in proplastids raise 
the question whether transformed plant cells are eliminated by deposition of foreign protein 
(sometimes also observed cytoplasmically). Localization in chloroplasts* which repeatedly 
occurs, can be caused either by transport into fully developed chloroplasts qr^by the presence of 
T4 lysozyme in proplastids, which can later develop sometimes to chlorpplasts: The first 
possibility appears to be quite unlikely because of the significant differed signal 
peptides for secretion and transit peptides for chloroplast transport. Sucfea; question can be 
answered by cloning T4 lysozyme gene in an SP 6 plasmid and in vitro .transhtion with a 
subsequent test for incorporation in the isolated chloroplasts. The assumption that the gold 
labeling in the chloroplasts can be attributed to development of lysozymeTcpntaining proplastids 
in the chloroplasts is more likely, although storage proplastids are commonly present in phloem 
tissue that can no longer be differentiated. It remains to consider that such data were found with 
even greater relevance for the antibody construct. The question how and; why lysozyme reaches 
the proplastids remains opens. This protein, which must pass through a membrane in bacteria for 
lytic dissolution of the murein sacculus, might have the capability of passing through other 
membranes. A relation between membranes of proplastids and bacteria is speculative, but cannot 
be ruled out on evolutionary grounds. 

The different behavior of lysozyme with respect to secretion and cytoplasmic localization 
might be attributable to the presence of glycosylated and nonglycosylated forms. 
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Since T4 lysozyme is to be investigated as an antibacterial resistance protein in plants, 
extracellular localization in the intercellular spaces is the optimal solution. Resistance 
investigations with the plants regenerated by naked DNA transfer for T4 lysozyme are being 
prepared in cooperation with the Institute for Plant Diseases (Dr. Kuck) of the Monheim Plant 
Protection Center of Bayer AG. 

The difficulties in detecting T4 lysozyme by Western blotting can only be attributed to a 
presumably fairly low occurrence of this protein (cf different activity of the double promoter 
from cell to cell, possible instability of plant-produced lysozyme) or by insolubility that cannot 
be suppressed even by detergents. A correlation of the observed signal intensities in immunogold 
labeling with promoter activities cannot be carried out from the present data. 

By distribution of lysozyme in the entire plant through transport in the phloem, dilution 
of local concentrations can additionally occur. On the other hand, a stimulation of the T R 
promoter by such transport in the weakly expressing regions of the plant based on cell wall 
damage is supported. - ; J 

The regeneration of plants that have integrated the plasmid pSR 4-3 with the two 
chimeric genes for the light and heavy chain of a monoclonal antibody successfully passed 
through the leaf disk test. During analysis of calli, which had been induced from leaf material 
from checked transformed plants, positive signals both for the light and heavy chain alone and 
for an intact antibody could be obtained by tissue printing (Cassab and Varner, 1987) from the 
total extract bound on the filter (detection of the light chain by polyclonal .antirX and monoclonal 
anti-X antibodies, of the heavy chain by polyclonal anti-p. antibodies and the aggregated B 1-8 by 
monoclonal antibodies that recognize an epitope in the tertiary structure from both chains close 
to the antigen bonding site). Since no compartments of the cell are separated here in an 
extraction pellet, but cell membranes and cell walls are together forced onto the filter, no 
distinction occurs concerning highly soluble extract, insoluble extract and Organelle- or 
membrane-bound proteins and the spectrum of all proteins present in the cell is analyzed. If 
protein work-up is conducted by an affinity chromatographic method, a protein extract must first 
be produced. If only PBS is used as the extraction buffer, only a "soluble" extract is obtained. In 
order to solubilize bound or insoluble proteins as well, detergents must be added to the buffer, 
which mostly destroy the membranes and therefore liberate membrane-bound proteins or 
proteins enclosed by membranes (for example, in vesicles). For this purpose, Triton X-100 and 
CHAPS were used. Nevertheless, no significant improvements were observed. By extraction 
with SDS probe buffer, the presence of the light chain of the antibody could be demonstrated in 
plant tissue directly from the callus tissue, but was only reproducible with difficulty, i.e., 
generally only with weak signals. By isolation of the sought proteins with affinity gels from 
larger amounts of highly active leaf material, the yield should be significantly improved. 
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However, this does not apply to the light chain alone. Only a very weak signal could be obtained 
even by enrichment with a monoclonal antibody directed against the light chain of B 1-8. 
Detections of the heavy chain are not possible because of the more unfavorable conditions 
(weaker promoter and more insensitive detection system). Binding through the hapten is much 
milder than binding of B 1-8 through an anti-antibody and elution from the complex in a strongly 
acid medium. Since B 1-8 is a heteroclitic antibody, it recognizes the related hapten NIP better 
than NP and can consequently be eluted by NIP from a complex with NP. This occurs at neutral 
pH. In this manner, the existence of biologically active, intact B 1-8 in plant cells to be attained 
both from a soluble extract and from a CHAPS extract by incubation with NP Sepharose and 
subsequent detection of the light chain is demonstrated. A functional antibody that binds the 
hapten can only develop when correct assembly and correct folding of the light and heavy chains 
occur. Detection of the light chain after isolation by NP Sepharose is therefore an indirect but 
clear demonstration of the existence of intact B 1-8. No assertions can be made concerning the 
efficiency of the assembly because of the extremely limited amounts of protein. The question 
whether the heavy chain is glycosylated, as in lymphocytes, also cannot be answered with the 
available data. A functional antibody was measured in the ELIS A test in E. coli after in vitro 
reassociation of genetic engineering-produced light and heavy chains from an extract even 
without glycosylation of a heavy chain (Boss et al., 1984), so that no inactivating factor is seen 
here. Possible effects on stability remain unaffected by this. 

Only significantly weaker signals could be observed by immunogold labeling for the 
antibody analysis in comparison with T4 lysozyme. The Ac 38 antibody specifically recognizes 
only intact B 1-8 and can therefore be used for detection of a B 1-8 synthesized in plants. It could 
therefore be demonstrated that synthesis and assembling of this monoclonal antibody occurs on 
the rough endoplasmic reticulum. With the LS 136 antibody directed against the light chain, 
signals are found in the calli free in the cytoplasm, since both an isolated light chain and one 
aggregated together with the heavy chain can be involved and a clear assertion cannot be made 
from this type of experiment alone." By comparison with labelings with Ac 38, however, it is 
possible to conclude that the probability is greater that only a light chain is involved here. Since 
the double promoter is much more active in the callus than is the NOS promoter, it is 
conceivable that excess light chain that cannot be additionally glycosylated is removed from the 
secretion process and stored in the cytoplasm. Such a case for the precore protein of hepatitis B 
virus was recently described by Garcia et al. (1988), about 70 to 80% of this protein being 
localized in the cytoplasm in an in vitro experiment, despite cleavage of the signal peptide (i.e., 
from the ER). Processing by Western blotting also detected the B 1-8 antibody. Whereas an 
efficient secretion into the intercellular space could be demonstrated for the T4 lysozyme, there 
are still no available data for such an assertion concerning B 1-8, no labeling having yet been 
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found in the vicinity of the cell walls. However, it could not be ruled out that such labeling will 
still be detected during further more extensive investigations. 

The relatively strong labelings in the chloroplasts occur surprisingly, since no structural 
properties are incorporated in the constructions that allow us to expect transport of the formed 
proteins into chloroplasts and the found signals involve signals for intact aggregated antibodies. 
However, since these labelings can be localized specifically in the chloroplasts, whereas the 
surroundings and control chloroplasts clearly have no labeling, a significance of these data must 
be assumed. Nevertheless, statistical solidification of this result must be waited for. It is 
structurally striking that the chloroplasts of the A5 plant contain unusual (electron-dense) 
regions. According to the now known view points, the signal peptide contains no features that 
should enable it to control transport into chloroplasts in addition to efficient secretion (a-amylase 
and T4 lysozyme). The question is therefore raised whether the amino acid sequences or the 
secondary or tertiary structures of the light or heavy chain or the aggregated antibody contain 
any information that is understood by the plants as a chloroplast transport signal. Should this 
phenomenon be clearly confirmed on additional sections, an additional field of highly interesting 
aspects would be opened up from these constructions. . 

The role of a BEP-like protein possibly present in the ER lumen (cf. Haas and Wabl, 
1983; Bole et al., 1986; Hendershot et al., 1987) still remains open. In recent publications (Haas 
and Meo, 1988; Kassenbrock et al., 1988), however, it was reported that BiP is identical or 
related to other protein-binding proteins that were already previously identified. Bcogffl be 
shown that interactions occur not only with heavy chains in antibodies, but also with a larger 
number of other proteins. This supports the suspicion that such a class of proteins could also be 
present in plants and have a regulating role there of binding misfolded or mcorreqtjy^, . . . ; ^ 
glycosylated proteins. Such an effect could also lead to the cytoplasmic localization of processed 
light chain as "reject." . .^V;. 

The expression and assembling of a monoclonal antibody could be demonstrated by 
combination of Western blotting and immunogold labeling. It could be demonstrate^^ 
denaturing Western blotting that the light chain is processed as a result and, as supported by 
localization in the electron microscope, the foreign protein is inserted by the action of the 
a-amylase signal peptide into the lumen of the endoplasmic reticulum and secretion initiated. 
Assembling of the light and heavy chain also occurs there. 

The relative intensity of the signal, on the one hand, could be attributed to a different 
stability of the foreign proteins in plants and, on the other hand, to expression-regulating 
sequences within the coding sequences. It is known that k chains require an enhancer located in 
an intron for effective expression and without this only weaker expression occurs. If X. chains are 
cloned without such an enhancer, it is not weaker expression but no expression at all that can be 
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established; this observation could be due to the presence of inhibiting sequences within the light 
chain gene (A. Iglesias, personal communication). Such properties could also be expressed hf 
plants. Additional effects could be produced by glycosylation or nonglycosylation of the foreign 
proteins in the ER and Golgi apparatus. 

The approaches described in this work for resistance construction can be pursued in a 
variety of ways. On the one hand, a system is available that will be checked in a very short time 
for bacterial resistances. With a positive outcome, it is thus far the only known possibility for 
being able to take protective measures against bacterial infections of plants. A number of 
additional tests must naturally also occur in a toxicological respect. 

After generation of monoclonal antibodies, for example, against the coat proteins of 
viruses, the biological efficiency of a reaction can be tested as a protective measure against viral 
infection with attacking viruses. Since the generation of antibodies is possible not only against 
virus coat proteins but against a number of other antigens, this method can be very widely 
extended and applied to create artificial resistance and for manipulation of a number of cellular 
processes. The basic principle, however, should be worked out with respect to simplifications, 
■ ■ sfe expression and assembling of a heterotetrameric protein from two different genes is subject 
to a large number of influences and the conditions for statistical assembling of two times two 
different chains must be met. A significant simplification would be the application of a protein 
that has all the necessary components of a functional antibody localized on one gene. Such a 
construction of a semisynthetic "one-chain antibody" was produced by A. Iglesias and G. Kohler 
:: ;i l^%v ; (Freiburg) and tested successfully on the formation of an idiotypical activity (unpublished 
A ^-S^^^^resiilts). The formation of such a chimeric protein should occur in the plant much more simply if 
^^^^^'tiie assembly of two chains is to be necessary to form the active center, this involving only one 

^^ibniodimeric protein. Experiments for preparation of such a project have already been started in 
^ ^VP? cooperation with A. Iglesias and G. Kohler. 

vu$&&$;- >y~ * The synthesis of optimal resistance genes also includes infection- or wound-specific 
*'f?^P& : :* Mvation of these genes from a minimal expression level in the healthy state. In order to be able 
■^J&ivt r$s -^a CO ver all possible mechanisms, a number of special promoters will certainly be required. 

According to the present state of knowledge, only the T R double promoter analyzed in this work 
7 >:iz< offers itself for wound-specific activation. The characteristic properties of this promoter appear 
* ^ : - ' to make it suitable for this. The gene constructs described here therefore represent an important 
step on the way to developing functional "resistance genes." 

The secretion of foreign proteins (also of prokaryotic origin) into the intercellular space 
made possible by the fusion of "resistance proteins" with a plant signal peptide opens up an 
additional field of optimization. By specific resistance proteins, pests could already be defended 
against before penetration into the cells or before damage to the cells. Interesting aspects are also 
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obtained from basic research into the secretion mechanism. The observation that information that 
controls localization must be obviously coded in the a-amylase signal peptide offers a 
contribution to the disputed question whether signal peptides only ensure insertion into the 
membrane of the rough endoplasmic reticulum or if they also have additional specificity for later 
localization. The major advantage of foreign proteins produced by genetic engineering in 
organisms is the absence of these proteins in the wild type organism so that clear assertions can 
be made concerning localization by comparison with the wild type. The properties of the foreign 
protein must then naturally be considered. Assembling of complex foreign proteins and secretion 
under the control of a plant signal peptide open up a broad field of research approaches for 
artificial resistances in plants. 

V. Summary 

By fusion of genes for plant-foreign proteins to the signal peptide gene of a-amylase 
from barley, the possibility of artificial secretion of such chimeric proteins produced by genetic 
engineering in plants was investigated. This approach was conducted, on the one hand, with a 
prokaryotic one-chain protein, lysozyme from bacteriophage T4, and, on the other hand, with a 
complex protein, a monoclonal IgM antibody. The assembly of two light and two heavy chains 
each into a tetrameric molecule is necessary for the formation of functional antibodies. 

The genes for the light and heavy chain of the antibody and for the T4 lysozyme were all 
fused with the genes of the signal peptide of a-amylase. Promoter-fusion gene-polyadenylation 
sequence cassettes for the two antibody genes were constructed in a plasmid and for the T4 
lysozyriie ifi another plasmid. These constructions were integrated by agrobacterial infection and 
in the lysozyme also by naked DNA transfer in Nicotiana tabacum. 

-To have appropriate expression conditions for the promoters (pTr and pNOS) for protein 
analysis* promoter activity analyses had to be conducted (by the NPT test). The Tr double 
promoter exhibits differential expression in intact plants with an expression maximum in the 
regiofiif the transition from the stem to the roots. Much higher expression was found in calli 
(Ip00-foid). ; An up to 170-fold rise in activity within 6 days is attainable in an in vitro system by 
wounding or by hormone induction. The in vivo induction of greenhouse plants occurs within a 
day. Similar results were found for the NOS promoter, but with smaller factors (up to 20-fold 
inducible, callus no stronger than induced plants). For analysis of transgenic plants, highly 
sensitive nohtraditional detection methods were worked out. Protein detection occurred, although 
in extremely limited amounts, by Western blotting with a biotin-streptavidin system, sometimes 
combined with an affinity chromatographic purification method from the protein crude extract. 
The presence of nonglycosylated unprocessed and processed T4 lysozyme, as well as possibly a 
glycosylated form could be demonstrated. By isolation of the light chain with an anti-X. antibody 
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and the intact antibody by functional binding to its hapten, both the presence and activity of a 
monoclonal antibody in the transgenic plant cells were demonstrated. In each case processed 
light chain was detected. 

Analysis of the localization of these chimeric proteins in the cell occurred in cooperation 
with Dr. Sigrun Hippe (Aachen) by electron microscopic immunogold labeling. Strongly 
concentrated labeling was mostly found for T4 lysozyme in the intercellular spaces. Other 
labeled regions are present in the cytoplasm (mostly on filamentary structures) and inclusions of 
T4 lysozyme in proplastids of the phloem probably in crystalline form were repeatedly found, as 
well as labeling in and in the vicinity of plasmodesmata, on the cell walls of phloem and also in 
chlordplasts. The stored intercellularly T4 lysozyme forms, possibly in conjunction with other 
proteins, filamentary, network-like structures that are significant and were not found in the 
controls. The signal peptide of a-amylase from barley is therefore capable of localizing a 
prokaryotic protein in tobacco cells with specific characteristics and secreting it efficiently into 
the intercellular space. 

: 7 ^ The synthesis and assembling of the monoclonal antibody could be demonstrated by 
:V f eaMbn^witH an anti-antibody in the endoplasmic reticulum directed against the intact antibody. 
Processing of the signal peptide, as well as the functionality of the formed antibody, follow from 
the Western blotting analyses. As a result, secretion is also initiated by the signal peptide in this 
construction. Additional labelings occur in the chloroplasts and for the light chain also in the 
cytb^T^rhrGold particles, however, could still not be detected in the region of the cell walls. 
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Abstract A rat monoclonal antibody specific for im- 
munoglobulin (Ig) heavy chain binding protein (BiP) 
has allowed the examination of the association of BiP 
with assembling Ig precursors in mouse B lympho- 
cyte-derived cell lines. The anti-BiP monoclonal anti- 
body immunoprecipitates BiP along with noncova- 
lently associated Ig heavy chains. BiP is a component 
of the endoplasmic reticulum and binds free .intracel- 
lular heavy chains in nonsecreting pre-B (m + , L") cell 
lines or incompletely assembled Ig precursors in (H + , 
L + ) secreting hybridomas and myelomas. In the ab- 
sence oflight chain synthesis, heavy chains remain 
associated with BiP and are not secreted. The associa- 



tion of BiP with assembling Ig molecules in secreting 
hybridomas is transient and is restricted to the incom- 
pletely assembled molecules which are found in the 
, endoplasmic reticulum. BiP loses affinity and disasso- 
dates With Ig molecules when polymerization with 
\;^i|fipcham- is complete. We propose that, the assbcia- 
^^ig^ibfiB^ with Ig heavy chain precursors is > no^el O; ; >' 

event occuningin tfe eh-/?1 
- :'1i^asmic reticulum. The Ig heavy chains associated 
: • wftfeBiP are not efficiently transported from the en- 

the Golgi apiparatus. There- - - 
: forei BiP; may prevent the premature escape and even- - 
\";--;tiial*;secretion of incompletely assembled Ig molecules. 



The process; by which B lymphocytes synthesize im-.?; 
munpglobulin (Ig) 1 involve the assembly of heavy and£; 
light chains, giycosylation, posttranslational modify: 
cation of oligosaccharides, and transport between [ intracellular^ 
compartments before eventual secretion (41). Ig appears to be, 
transported along the same intracellular pathway as other 
secretory glycoproteins. 

Comparative examination of the intracellular transport of \ 
many secretory proteins indicates that transport from the 
rough endoplasmic reticulum (RER) to the Golgi apparatus • 
is selective and can be the rate-limiting step in the secretory 
process (II, 24). This selectivity and the demonstration of 
different rates of transport between the RER and Golgi ap- 
paratus for different secretory proteins within a cell line has 
led to the hypothesis that secretory proteins express specific' 
transport signals within their structure (1 1, 24) and that this 
transport may be receptor mediated (12, 24, 40), 

Expression and selective intracellular transport of Ig in B- 
lymphocyte lineage cells is developmentally regulated. Pre-B 
cell lymphocytes differentiate from bone marrow multipoten- 
tial stem cells and are first identified by the presence of 
cytoplasmic M-heavy chains in the absence of light chain 
synthesis (8, 27). The ^-chains of bone marrow derived pre- 

1. Abbreviations used in this paper: BiP, immunoglobulin heavy chain binding 
protein; Ig, immunoglobulin; RER, rough endoplasmic reticulum; SER, 
smooth endoplasmic reticulum. 



on 



rjS^|^f?:iof the .membrane type but are^npt i 
f^l^^sunface (42). The onset of lighUhati s^ 
S^^es^tlT^nd^ appears to.be necessary. for ^he^r^^PJ?: of.' 
irSlsu^f^^nd' secretory Ig (26). '. " . -.: ;;• ■ -' / : * y#;£ : / : r\r 
;^S^M5use ; pre-B-derived hybridomas and Abelsonryir^s tfans : 
^;l|fo^%i>re-B cell lines synthesize membrane and; secretory 
;v3@nains .which remain intracellular and are not .secreted or 
y^x^sWd-on the . cell surface (17, 32, 37). The , analysis "of 
; : -^njra^Uular /x-chains from pre-B derived cell lines^well as 
r> : ^nSStSnohsecreting myelomas has identified- a , protein " of 
V^GOQ claltons, Ig heavy chain binding protein.(BiP); that co- 
^#imS^hopre^ with Ig heavy chains. (13, 2'8). ^Because 

; " -BiP-was readily observed in- cell lines representative of the 
;pre-B cell stage of development, others have speculated that 
\ BiR- functions in the regulation of Ig synthesis or prevents 

heavy chain insolubility in pre-B cells (43). 
"* ; The results of the presently described studies demonstrate 
that BiP binds free heavy chains as they occur in pre-B derived 
. -: / *cell lines, 'and incompletely assembled Ig molecules in secret- 
ing cell lines. Our interpretation of these observations are that 
BiP plays a role in the posttranslational processing of nascent 
Ig heavy chains in the endoplasmic reticulum. Heavy chains 
associated with BiP are not efficiently transported from the 
RER to the Golgi apparatus. This suggests that the posttrans- 
lational interaction of BiP with Ig heavy chains interferes with 
the expression of transport signals inherent in the Ig molecule. 
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We propose that association of E^^Bh incompletely assem- 
bled Ig molecules prevents theirtransport from the endo- 
plasmic reticulum. Once assembly with light chain is com- 
plete, disassociation of BiP occurs, allowing transport of the 
assembled molecule to the Golgi apparatus and eventual 
secretion. 

Materials and Methods 
Reagents 

Affinity-purified isotype specific antibodies used for immunoprecipitation were 
obtained from Southern Biotechnology Associates Inc., Birmingham. AL. 
[ 33 S]Methionine was purchased from Amersham Corp., Arlington Heights, IL. 
Sugar nucleotides were obtained from New England Nuclear, Boston, MA. 
Dolicol phosphate and protein A were purchased from Sigma Chemical Co., 
St. Louis. MO. and tunicamycin was obtained from Calbiochem-Beh ring Corp., 
San Diego, CA. Tissue culture media and fetal calf serum were purchased from 
GIBCO, Grand Island, NY. All other reagents were obtained from different 
sources and were of analytical grade. 

Cell Culture 

Cell lines were maintained in stationary culture in RPMI 1640 supplemented 
with L-glutamine (2 mM), penicillin-streptomycin, 0-mercaptoethanol (50 
mM), fungizone 1:1,000, and 15% fetal calf serum at 37*C in 10% C0 2 . Pre-B 
cell-derived hybridoma 15-58 was obtained by fusion of 19-d fetal liver with 
. P3-X63-Ag8.653, as previously described (8). Ag8(8) was isolated in collabo- 
ration with A. Radbruch and K. Rajewsky (Department of Genetics, University 
- - of Cologne, FRG), by fluorescent-activated cell sorting as a spontaneous variant 
' .V^of P3x63-Ag8, and produces only cytoplasmic y t heavy chains. RD3-2 and 
>:.J ft!t*MM60 are conventional Ig-secreting mouse hybridomas with anti-idiotype 
;;V^ry^sDedficity (33, 38). 1 1-1 1 is a rat lymph node x Ag8.653 hetero hybridoma 
; *f*%';£.< which secretes rat IgG with anti-mouse IgD specificity. ; . . 

'W^repiardiion of Monoclonal Anti-BiP 

.j The immunogen containing mouse BiP:M-chain complexes was obtained by 
li -J.!?,!!!^ precipitation of 5 x 10 7 , 1 5 r 5 8 pre-B hybridoma cells. The cells were 
- lysed in 1 5 ml of I % Nonidet P-40 lysis buffer and immunoprecipitated with 
--■.>*■■>. 200 tig of goat' anti-mouse M-chain antibody and Staphylococcus aureus. The 
S. aureus pellet was washed three times with 0.75 M guanidinium hydrochloride 
buffered in 10 mM Tris, pH 7.5. The immune complexes were eluted from the, 
r:'^S^qureus with 2.5 M buffered guanidinium hydrochloride. Proteins in the 
dVkp^luate Vwere precipitated with 9 volumes of ethanol at ~^20'C for 1 h and 
• f ; ^ resuspended in PBS for injection. A Fisher rat was immunized five times, every 
i-vS^^S^?^-*-'^ Say ; ; in ; one ■ rear footpad with this antigen. The first injection of immu- 
r>K^%Q?8^? ; was emulsified in complete Freund's adjuvant the pthers administered 
'*'^S^S^'P&° ,s ^^ :b - u ^ er ^ (PBS). 1 d after the. last injection the draining 

J ""^popliteal lymph node was fused with mouse myeloma Ag8.653 (16). Hybrido- 
|.V^ ^4mas;- were -initially screened by an enzyme-linked immunosorbent assay, for 
irMireactivity. against both BiP;/*-chain complex and purified "IgM. The hybridomas 
secreting antibody specific only for BiP by the enzyme-linked immunosorbent 
assay were further screened for their ability to immunoprecipitate BiP from a 
^^labeied cell lysate as detected by SDS PAGE. / 

■^^^qdiolabeling of Cell Lines * 

-i, | e Jo r e labeling with ["SJmethionine, cells were preincubated at a density of I- 
V^fcp x lOVml.in methionine-free RPMI 1640 containing l5%.diaiyzed fetal calf 
■ senim for 30 min. When tunicamycin was used, it was included in the 
" preincubation media at a final concentration of 2.5 jig/ml from stock. Cell 
: .---cultures were then labeled with 10 M Ci of ["SJmethionine 1 ,400-Ci/mmoL In 
■*:£-y pulse-chase experiments, either complete medium or cold methionine was 
added at the time of chase to a concentration of 30 jig/ml. Unless otherwise 
stated, cells were labeled 10-15 min before lysis or chase. Cells were harvested 
by centrifugation at 1,000 g for 5 min and lysed for 10 min at 0 # C in I ml of 
lysis buffer containing 1% Nonidet P-40, 0.15 M NaCl, 50 mM Tris, pH 7.5, 
and 2 mM phenylmethylsulfonyl fluoride. In pulse-chase experiments with 
short chase periods, 2x lysis buffer was added directly to the cell culture. Nuclei 
and cellular debris were then removed by centrifugation in a Brinkmann 
centrifuge for 10 min. Supernatant was removed and immunoprecipitated by 
direct binding with monoclonal anti-BiP covalently linked to Sepharose 4B or 
indirectly with 50 \A of anti-BiP culture supemate followed by addition of 
protein A-Sepharose. Ig heavy chains were immunoprecipitated with 10 ng of 
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affinity-purified isotyp^^Btc goat anti-mouse antibody and protein A- 
Sepharose. Protein A oHB-BiP antibody, 1.0 mg per ml Sepharose, was 
coupled to CNBr-activated Sepharose 4B (3 1 ). Lysates were allowed to incubate 
with precipitating antibody for 1 h at 4*C with gentle mixing. Sepharose-bound 
immune complexes were washed three times with lysis buffer containing 1% 
Nonidet P-40, 0;5% deoxycholate, 0.1% SDS, 0.5 M NaCl, 50 mM Tris, pH 
7.5, and once with PBS to remove detergents and salt. Precipitated proteins 
were then boiled in SDS sample buffer and subjected to SDS PAGE (21). 
Before autoradiography gels were fixed and then impregnated with EN J HANCE 
(New England Nuclear) as .directed by the manufacturer. Kodak X-omat AR 
X-ray film was used to visualize labeled proteins. 

Subcellular Fractionation 

Subcellular fractionation was performed by a modification of an unpublished 
procedure (Gary Sahagian, Department of Physiology, Tufts University, Bos- 
ton, MA, personal communication). 5 x 10 7 RD3-2 or Ag8(8) hybridoma cells 
were harvested by centrifugation at 1,000 g for 5 min at 4'C, and first washed 
twice with PBS and then twice with 0.25 M sucrose in 5 mM Hepes buffered 
to pH 6.8. The cells were then resuspended in 2 ml of isotonic sucrose and 
transferred to a nitrogen cavitation bomb (Kontes Co., Vineland, NJ). The cells 
were pressurized to 40 psi for. 30 min at 0"C. After decompression the cells 
were dispersed with 10 gentle strokes in a tight-fitting dounce homogenizer. 
Nuclei and cellular debris were removed by centrifugation at 800 g for 10 min. 
The post nuclear supemate was then layered on top of a discontinuous sucrose 
gradient containing 1 ml/2.0 M, 3.4 ml/ 1.3 M,.3.4 ml/ 1.0 M, and 2.75 ml/0.6 
. M sucrose in 5 mM Hepes (pH 6.8) in a Beckman 14 x- 89 mm Ultra-Gear 
tube. After 2 h of centrifugation at 40,000 rpm in a Beckman SW 41 rotor, 
-19 fractions containing 10 drops each were collected from the bottom of the 
tubes. Each fraction was then assayed for endoplasmic reticulum and Golgi 
marker enzymes. 

Marker Enzyme Assays 

Mannosyltransferase was measured by methods as previously described (39). 
Membrane fractions were assayed in a total volume of 80 p\ containing 5 x 
10 4 cpm GDP-mannose (mannose-3,4- 3 H(N)] 40-60 Ci/mmol, 0.05 mg dolicol 
phosphate, 1.25 mM MgCI 2 , 0.015% Triton X- 100,' 20 mM Tris, pH 7.5, and 
0.15 M NaCI. The assay mix was sonicated before addition of suitably diluted 
membrane fractions. Assays were incubated for 10 min at room temperature. 
Reactions were terminated by addition of 1.5 ml of chloroform/methanol (2:1), 
followed by 0.3 ml of saline. The tubes were vortexed, and chilled on ice for 
10 min. Each tube was then spun for 5 min at 2,000 g and 0.6 ml of the 
chloroform was removed, dried in scintillation vials, and counted in scintillation 
cocktail. 

Galactosyltransferase was measured by a modification of a procedure pre- 
viously described (7). Membrane fractions were incubated in a final volume of 
40 M l containing 5 x I0 4 cpm UDP-Galactose [Galactose- ,4 C(U)] 337.0 mCi/ 
mmol, 0.28 mg ovalbumin (Sigma Chemical Co.; grade V), 50 mM Tris, pH 
7.5, 20 mM MnCl 2 , 0.5% Triton X-100. Reactions were incubated at 37*C for 
60 min. 30 n\ of each assay was then spotted on Whatman 3-MM filter paper 
and dried at room temperature. The filter paper was then washed twice in 10% 
trichloroacetic acid, 2% phosphotungstic acid, and 1% pyrophosphate at 0'C 
for 1 5 min. The filter paper was then washed in methanol, dried, and counted. 

Identification of Immunoglobulin and BiP in 
Subcellular Fractions 

BiP and Ig were identified in subcellular fractions by immunoprecipitation with 
monoclonal ami- BiP or with goat anti-heavy chain specific antibody. I x 10 6 
l"S]methionine-Iabeled cells were fractionated by the above procedure. Before 
immunoprecipitation each fraction was diluted with an equal volume of 2x 
lysis buffer to solubilize membranes. Each fraction was then divided for 
precipitation with anti-BiP or anti-Ig heavy chain. 

Results 

Immunoprecipitation of BiP and Immunoglobulin 
Heavy Chains from a Nonsecreting (7i + , O and a 
Secreting (y x +, k+) B-Cell Hybridoma 

To compare the association of BiP with free and assembling 
heavy chains we have selected a nonsecreting variant of the 
myeloma P3X63-Ag8 } designated Ag8(8) (7*, O, and a 
secreting hybridoma RD3-2 (7/, /c + ). Like pre-B cell-derived 
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hybridomas, Ag8(8) produces only heavy chains which remain 
intracellular. Cells were labeled with [ J5 S]methionine for 15 
min and lysed immediately with detergent or chased for 60 
min in excess cold methionine before lysis. The lysates were 
divided and immunoprecipitated separately with monoclonal 
anti-BiP or anti-71 heavy chain-specific antibody. When Ig- 
secreting RD3-2 cells were immunoprecipitated with anti-71 
antibody and the precipitated proteins separated by SDS 
PAGE under reducing conditions, heavy chains and light 
chains were detected (Fig. 1 A, lane 7). When cell lysates from 
the 15-min pulse were immunoprecipitated with anti-BiP 
antibody, BiP with M T 78,000 and a band migrating with the 
same mobility of 71-heavy chain were detected (Fig. I A, lane 
2). No detectable band co-migrating with light chains is seen 
in the anti-BiP immunoprecipitate. After a 60-min chase, 
immunoprecipitation with anti-BiP yielded the same M r 
78,000 band, however, little protein with the molecular weight 
of 71 heavy chain is observed (Fig. I A, lane 4). After the 60- 
min chase, labeled intracellular heavy and light chains are 
still present and are precipitated with anti-71 antibody (Fig. 
1, lane 3). These results suggest that heavy chains in RD3-2 
associate transiently with BiP after their synthesis, and these 
heavy chains that are associated with BiP have not acquired 
light chains. When the same type of experiment was con- 
ducted with nonsecreting Ag8(8), BiP and 71 heavy chains 
were precipitated as a complex regardless of which precipi- 
tating antibody was used (Fig. 1 B). In contrast to the results 
obtained with RD3-2, the BiP heavy chain complex is stable 
and does not dissociate after a 60-min chase (Fig. 1 B, lanes 3 
and 4). 
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A similar pattern of association between heavy chains and 
BiP was demonstrated in cells producing ^-chains. A nonse- 
creting pre-B-derived hybridoma, 15-58 which produces p- 
chains in the absence of light chain synthesis and a conven- 
tional /x,X secreting hybridoma MM60 were immunoprecipi- 
tated with anti-/i heavy chain-specific and anti-BiP antibody. 
The ^-chains from each of these cell lines migrate as two 
primary bands reflecting an apparent glycosylation heteroge- 
neity that is observed among IgM oligosaccharides (I). After 
treatment with endoglycosidase H or when cells are labeled 
in the presence of tunicamycin a single band representing 
nonglycosylated M-chain is resolved (Bole, D. G., L. M. Hen- 
dershot, J. F. Kearney, unpublished observations). After 15 
min of labeling two bands with apparent mobility character- 
istic of ji-chains were immunoprecipitated from 15-58 with 
either anti-BiP or anti-ji chain antibodies (Fig. 2A, lanes 2 
and J). However, after a 1-h chase period, three bands are 
immunoprecipitated with both anti-^t and anti-BiP antibodies 
(Fig. 2A, lanes 4 and 5); the top band likely corresponds to 
BiP and the two bands below to /i-chains which now migrate 
with increased mobility. An increase in the mobility of the /*- 
chains could result from exoglycosidase trimming of the five 
oligosaccharide units of the ^-chains (15, 41). In contrast to 
15-58, when lysates from MM60 were immunoprecipitated 
with anti-BiP antibody, very little^dorprejcipitation of /i-chain 
is detected in the pulse andvthexhase (Fig. IB, lanes 3 and 
5). MM60 ^-chains immunopr^cipitated^with anti-^ antibody 
show an increase in mobility, afterjthe^ chase, similar 

to that observed in 15-58. ' thus- a ' prolonged' association 
occurs between BiP and the ^-chains in nonsecreting 15-58 
that is not observed in secreting- MM60; similar to the results 
obtained with Ag8(8) and RD3-2. * ; . _ 

Association of BiP with Assembling Immunoglobulin 
Precursors in RD3-2 ^ v , -,, - 
Fig. \A demonstrated that nascent ' Heavy chains in RD3-2 
that were co-precipitated with ;BiP^ contained few if any light 
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Figure L Association of BiP with 71 heavy chains in secreting RD3- 
2 and nonsecreting Ag8(8) hybridomas. Secreting RD3-2 cells (A) or 
nonsecreting Ag8(8) cells (B) were pulsed 15 min with [ 33 S]methio- 
nine, lysed in detergent, and immunoprecipitated with goat anti-71 
heavy chain antibody and protein A-Sepharose (lanes 7) or with 
monoclonal rat anti-BiP antibody coupled to Sepharose (lanes 2). 
Cells pulsed 15 min and chased 1 h in excess cold methionine before 
lysis were immunoprecipitated with goat anti-71 heavy chain antibody 
(lanes 3) and anti-BiP Sepharose (lanes 4). Lanes 5 show immuno- 
precipitation of cell lysates after a !5-min label with a monoclonal 
rat anti-mouse IgD (1 1-1 1) as control. Immunoprecipitated proteins 
were reduced and resolved on 10% SDS PAGE. 



Figure 2. Association of BiP with ^-heavy chains in 15-58. a nonse- 
creting pre-B hybridoma and MM60, a conventional secreting hy- 
bridoma. Nonsecreting 15-58 cells (A) and secreting MM60 cells {B) 
were labeled 15 min with [ 35 S]methionine and immediately lysed in 
detergent and immunoprecipitated with goat anti-/x heavy chain 
antibody and protein A-Sephardse (lanes 2) or monoclonal anti-BiP 
. antibody and protein A-Sepharpse (lanes J). Cells labeled for 15 min 
and then chased for I h were immunoprecipitated with goat anti-^ 
antibody and protein A-Sepharose. (lanes 4) or monoclonal anti-BiP 
antibody, and protein A (lanes 5). Cells labeled for 15 min and 
immunoprecipitated with protein A-Sepharose alone are shown in 
lanes /. Immunoprecipitated proteins were reduced and resolved on 
8% SDS PAGE. 
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chains. This observation suggestec^^Bthe association of BiP 
with heavy chains in this secreting^^ridoma was a transient 
posttranslational event occurring before light chain addition. 
To further investigate this association, we examined the as- 
sembly of Ig precursors in RD3-2 by immunoprecipitation 
with anti-7! heavy chain-specific and anti-BiP antibody. 
Pulse-chase experiments were performed and immunoprecip- 
itated proteins resolved on nohreducing.gels. When heavy 
chains were immunoprecipitated with anti-71 antibody free 
heavy chains (H), heavy chain dimers (H2), dimers with one. 
light chain (H2L), and complete (H2L2) molecules were 
observed (Fig. 3,4). A small amount of BiP was also detected 
when lysates were immunoprecipitated with anti-heavy chain 
antibody. The preferred sequence of assembly of mouse Igd 
requires heavy chains to polymerize into heavy chain dimers 
before light chain addition occurs (5). With increasing chase 
time incompletely assembled Ig precursors polymerized with 
light chains into the mature completely assembled H2L2 
molecules. When immunoprecipitation was performed with 
anti-BiP antibody, free heavy chains, heavy chain dimers, and 
dimers with one light chain were co-precipitated with BiP. 
However, no completely assembled H2L2 molecules were 
associated with BiP (Fig. 3B). Thus when Ig assembly is 
complete affinity of BiP for RD3-2 heavy chains is lost. . 

The Effect of Tunicamycin on Immunoglobulin 
Assembly and Association with BiP 

Before polymerization with -light chain, Ig heavy chains are 
glycosylated co-translatiorially (i^IriKibiting the glycbsylation 
of Ig heavy chains with^tunicab affect the folding 

of the nascent molecule within the endoplasmic reticulum. 
We examined the assembly of 'heavy and light chains in J558 
an a,\ myeloma and compared the association of BiP with 
J558 heavy chains in 1 - cells- which had been cultured in the 
presence and absence of tunicamycin. Intracellular transport 
and secretion of IgA in myelomas is sensitive to but not 
completely blocked by tunicamycin treatment (14). 

J558 cells were pulse^abeled-and chased for increasing 
periods of time in the T pye^hce ; -br^absence of tunicamycin 
before lysis. Immunopreapitation of Ig from these cells with 
anti-a heavy chain-specifie^ntibqdy precipitated heavy 



chains with associa^^Bht chains (Fig. 4, A and Q. At early 
time points after puRe labeling, very few light chains co- 
precipitated with heavy chains in lysates from the tunicamy- 
cin-treated cultures (Fig. 4C, lanes / and 2). In contrast, light 
chains were rapidly associated with heavy chains in control 
cultures (Fig. 4 A, lanes 1 and 2). These results suggest that 
subunit assembly occurs less efficiently when glycosylation is 
inhibited or blocked. A lack of heavy chain oligosaccharide 
units has been shown to inhibit assembly of Ig in vivo (10) 
and in vitro (18). If displacement of BiP is a consequence of 
light chain assembly, it would be anticipated that BiP associ- 
ation would be enhanced in the presence of tunicamycin. 

Fig. 4, B and £>, shows that BiP and associated heavy chains 
are precipitated with anti-BiP antibody. The amount of heavy 
chains co-precipitating with anti-BiP antibody is much greater 
when tunicamycin is included in the culture (compare Fig. 4, 
B and D). The heavy chains precipitated with BiP from the 
control lysate contain multiple bands which may reflect gly- 
cosylation heterogeneity of the a-heavy chains. The relative 
enhancement of BiP heavy chain complex observed in the 
tunicamycin-treated cells was estimated by densitometer trac- 
ings of heavy chains co-precipitated with BiP^Fig. 4B, lane 1 
[sum of three species] and Fig. 4D, lane 4 [one species]). 
Based on band intensity of the autoradiogriaphs, densitometer 
analysis revealed that four times as many heavy chains copre- 
cipitated with anti-BiP antibody from lysates of tunicamycin- 
treated cells compared to the control cell cultures without 
. tunicamycin. The relative quantity of heavy chain co-precip- 
itating with BiP was standardized for the densitometer value 
of BiP precipitated from each fraction. Thus, in J558, preven- 
tion of glycosylation by tunicamycin appears to delay the 
assembly of heavy and light chains and retards the displace- 
ment of BiP from noriglycosylated heavy chains. These results 
suggest strongly that there exists a direct correlation between 
assembly of Ig and BiP displacement. 

Autoimmune Nature of Anti-BiP Antibody 

The results of the above-described studies suggest that BiP is 
associated with heavy chains after their synthesis and before 
addition of light chain is complete. This requires that BiP, 
and partially and completely assembled functional Ig mole- 




Figure 3. Association of BiP with assembling 
immunoglobulin precursors in RD3-2. RD3-2 
cells were labeled for 10 min with [ 33 S]methio- 
nine and then chased with excess cold methio- 
nine for 0, 1, 2, 5, 7, 10, 20, and 60 min, at 
which time point an aliquot of the cell culture 
was lysed in detergent. Cell lysates from each 
time point were split and immunoprecipitated 
separately with either goat anti-71 heavy chain 
antibody and protein A-Sepharose {A) or with 
monoclonal anti-BiP coupled to Sepharose (B). 
Assembling protein precursors were run on 8% 
SDS PAGE under nonreducing conditions. The 
fluoroenhanced gel represented in B was exposed 
to film approximately twice as long as the gel in 
A. 
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Figure 4. 'The effect of tunicamycin on immunoglobulin assembly and association with BiP in J558. J558 cells were cultured in the absence (A 
and B) or presence (C and D) of 2.5 Mg/ml tunicamycin 30 min before labeling. Cells were labeled for 10 min with [ 33 S]methionine and then 
chased in excess cold methionine for 0, 10, 20, 30, and 60 min (lanes / to 5, each panel) before lysis in detergent. Lysates were immunoprecipitated. : ■ 
with goat anti-a heavy chain antibody, and protein A-Sepharose (A and C) or with monoclonal rat anti-BiP and protein A-Sepharose (B and../ 
D). Immunoprecipitated proteins were reduced and resolved on 10% SDS PAGE. Fluoroenhanced gels containing anti-BiP immunoprecipitates. 
{B and D) were exposed to film approximately twice as long as those containing anti-a immunoprecipitates {A and C). ■ . ^ . 

I ■■"*■ 2 3 4 cules, be present simultaneously within the same subcellular^ 

compartment where Ig assembly occurs. Thus in the hetero>\: f,,-*-. 1 
hybridoma, 2-1, which synthesizes antibody with binding-- — 
affinity for BiP, functional antibody that can bind BiP;shoulo\ v >• 
- - - co-exist at least transiently within the same subcellular com- •.-—_->.■ 

BiP— ■ — partment as BiP. 

To examine what possible effects such interaction may haye/^^s 
. . .. on the cellular location of intracellularly immune-coroplexedh y±\ >•< 

: • ; * . BiP, the heterohybridoma,'2-l, and a control heterohybrid^^^;. 

oma, 1 1-11, were labeled with [ 35 S]methionine and the.;ceU^ lu ^^ 
free culture supernatants immunoprecipitated with gpat T antir^ ;1 ^^ ii ;- 
rat Ig. Heavy and light chains were secreted from both the 2- lV ? ^. "■ 
1 and 11-11 culture supernatants (Fig. 5, lanes 2 and ;i)." ^' 
However, a small amount of an additional protein of : Af r v .; 5 , 
78,000 co-precipitated with secreted Ig from the 2- 1 heterohy- 
. bridoma (Fig. 5, lane 2). The co-precipitating protein co-,, 
migrated on SDS PAGE with intracellular BiP immuhopre-^fvv-lfr 
cipitated from a cell lysate of 2-1 (Fig. 5, lane 7). We belife^Jf^J- 
this to be BiP that has been secreted in an immune complex "f. :> :?„ , 
with a small fraction of the secreted antibody 2- 1 . ; ' ^ ' !J ; " 

If BiP is membrane-associated or is tightly associated with : - ' > ' 
an intracellular structure, it is probable that antibody immune 
complexed to BiP would remain within intracellular sites. The . 
co-precipitation of BiP from the culture supernatant of 2-1 
\ Yv%"-"i f * suggests that BiP is a soluble protein which when immune 

- complexed to specific antibody can be transported in unison 

Figure 5. Autoimmune nature of anu-BiP antibody. Rat X Ag8.653 along the secretory pathway and subsequently secreted to- 
heterohybrid2-l cells secreting anu^BiP antibody were labeled for 15 gether with Ig. This demonstrates in unbroken, viable cells 
min and then lysed in detergent and immunoprecipitated with protein 

A-Sepharose (lane /). Cell-free culture supernatant from 2-1 cells : . ' 

labeled for 1 5 min and chased 4 h was immunoprecipitated with goat 
anti-rat IgG coupled to Sepharose 4B (lane 2). Cell-free culture 
supernatant from rat heterohybridqma 11-11 cells labeled for 15 min 
and chased for 4 h was immunoprecipitated with goat anti-rat IgG 
Sepharose (lane J). Labeled cell free supernatant from 1 1-1 i was 




mixed with an equal volume of unlabeled 2-1 supernatant and 
immunoprecipitated with goat anti-rat Ig Sepharose (lane 4): Immu- 
noprecipitated proteins were reduced and resolved on 10% SDS 
PAGE. 
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that BiP and Ig at some time muii^Ffexist within the same 
intracellular compartment. 

To rule out the possibility that a small amount of BiP 
leaked from 2-1 cells while in culture and that immune 
complex formation occurred after secretion of antibody into 
the culture fluid, we immunoprecipitated unlabeled supernate 
from 2-1 that was mixed with, labeled supernate from 11-11 
with goat anti-rat Ig. Precipitated proteins analyzed by SDS 
PAGE revealed only the precipitation of 11-11 heavy and 
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light chains; no bano^^rating with M T 78,000 was detected 
(Fig. 5, lane 4). Therefore, the anti-BiP antibody in the 
unlabeled 2-1 supernatant was unable to immune complex 
any labeled BiP in the supernatant of 1 1-1 1. Immunoprecip- 
itation of cell culture superaatants from other cell lines with 
anti-BiP antibody has failed to detect extracellular BiP. This 
suggests that the. presence of BiP in the supernatant of 2-1 is 
due to specific co-transport with anti-BiP antibody and is not 
a result of nonspecific leakage. 
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Figure 6. Subcellular fractionation of 
RD3-2 and Ag8(8), RD3-2 cells were 
disrupted by nitrogen cavitation and a 
postnuclear supernatant layered over 
a discontinuous sucrose gradient. 
After centrifugation membrane con- 
taining fractions were collected from 
the bottom of - the Jute. .'Marker en- 
zymes for RER, mannosyltransferase, 
and Golgi apparatus galactosyltrans- 
ferase were assayed. The marker en- 
zyme profiles were obtained from 
RD3-2. A similar distribution of 
marker enzyme activity was obtained 
from Ag8(8) (not shown). For immu- 
noprecipitation of Ig heavy chains 
from fractionated membrane vesicles 
of RD3-2 or Ag8(8), cells were labeled 
for 1 5 min and then chased 30 min in 
the presence of excess cold methio- 
nine. Labeled' cells , were then sub- 
jected . to ^mteogen- cavitation and 
membrane ^ fractions were resolved 
over a discontinuous sucrose gradient. 
To each fraction was added an equal 
volume of 2x lysis buffer. Labeled Ig 
was immunoprecipitated from mem- 
brane fractions of RD3-2 (A) or 
Ag8(8) (B) with goat anti-71 antibody 
and protein A-Sepharose. Immuno- 
precipitates were reduced and proteins 
separated by 10% SDS PAGE. 
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Intracellular Location of BiP and Immunoglobulin 
Heavy Chains in Secretory RD3-2 and in 
Nonsecretory Ag8(8) Hybridomas 

The analysis of the association of BiP with Ig heavy chains 
suggests this interaction occurs in the endoplasmic reticulum. 
Since heavy chains, in heavy chain-only cell lines, are not 
secreted and have a prolonged association with BiP it is 
possible that heavy chains associated with BiP remain within 
the RER. Resistance of oligosaccharides to endoglycosidase 
H cleavage has been used as a marker for measuring intracel- 
lular transport of many glycoproteins to the Golgi apparatus. 
However, endoglycosidase H-resistant oligosaccharides can- 
not be demonstrated among intracellular Ig of many mouse 
myelomas (15, 41). Thus terminal glycosylation is observed 
as a co-secretional event within mouse myeloma cells. For 
this reason we separated membranes of the RER, smooth 
endoplasmic reticulum (SER), and Golgi apparatus to exam- 
ine the intracellular location of BiP and associated heavy 
chains in secreting RD3-2 and nonsecreting Ag8(8). 

RD3-2 and Ag8(8) cells were disrupted by nitrogen cavita- 
tion and a postnuclear supernatant containing membrane 
vesicles was fractionated on a discontinuous sucrose gradient. 
Membranes enriched for RER, SER, and Golgi apparatus 
, were recovered at the three interfaces of the sucrose layers 
. after centrifugation. Fig. 6 shows the location of the marker 
: enzyme mannosyl transferase for RER and galactosyl trans- 
ferase for the /ra/w-Golgi region. Membranes banding at the 
second interface between fractions 7 and 8 are .believed to be 
- enrichedfor SER. Mannosyltransferase activity .can be shifted 
from fraction 2 to fraction 7 in the presence of EDTA (data 
not shown). The majority of galactosyltransferase activity is 
concentrated around fraction 1 3 (Golgi membrane); however, 
i| significant amounts of galactosyltransferase activity are also 
V) present in fractions designated RER and SER:' The fractions 
K^esignated RER and SER do not contain mannosyltransferase 
activity above, background, and thus were considered free of 
, i^ERVderived membranes. . - : 

Shells were labeled with [ 35 S]methibnine for .15 min and 
given a 30-min chase before disruption. Membrane fractions 
ff onvRD3-2 and Ag8(8) were analyzed for presence of Ig and 
BlP:;Membrane vesicles in each fraction were solubilized with 
lysis buffer and then immunoprecipitated separately with anti- 
7*1 heavy chain and anti-BiP antibody. Immunoprecipitated 
Ig from RD3-2 cells was present in greatest quantities in 
; fractions enriched for RER, SER, and Golgi membranes (Fig. 
6 A). In addition, Ig was immunoprecipitated from fractions 
1 7, 18, and 19 which represents Ig in the cell disruption buffer 
that does not sediment with membrane vesicles. This most 
. likely is Ig that has leaked from membrane vesicles during the 
cell disruption procedure (36). Fractionated membranes from 
Ag8(8) show a different migrational profile for heavy chains 
within the sucrose gradient than those of RD3-2 (Fig. 65). 
Heavy chains which are associated with BiP are present in 
greatest amounts in fraction 2 containing RER membranes; 
only a very small amount of heavy chain is seen in the SER, 
or Golgi fractions. Densitometer tracings were performed on 
the autoradiographs (Fig. 6, A and B) to quantitate the relative 
amounts of heavy chain within each fraction. The results 
obtained are shown in Table I. In RD3-2, 4 1 % of the 71 heavy 
chains were found in the RER and 38% in the Golgi appara- 
tus, whereas in Ag8(8) 73% of the heavy chains were within 



Table I. Subcellular Localization of Intracellular Ig and BiP 
in RD3-2and Ag8(8) 

Subcellular fraction 



Cell type and protein precipi- 
tated 


RER 


SER 


* Golgi 
apparatus Cytosol 


Ag8(8), 7 1 30-min chase 


% ■ 
73 


% 
6 


% 
3 


% 
18 


RD3-2, 7, 30-min chase 


41 


17 


38 


4 


Ag8(8),BiP 30-min chase 


61 


2 


<2 


36 


RD3-2, BiP 30-min chase 


82 


<1 


<1 


17 


RD3-2, BiP 4-h chase 


60 


3 


<2 


33 



Labeled Ig heavy chains or BiP was quantitated by densitometer tracings. 
Fractions l t 2. and 3 were designated RER, fractions 7 and 8 SER, fractions 
12, 13, and 14 Golgi apparatus, and fractions 17, 18, and 19 were designated 
cytosolic or non membrane vesicle-associated protein. The percent of total 
intracellular heavy chain or BiP within each subcellular fraction was determined 
by dividing the relative densitometer value of a subcellular fraction by the value 
of the total of all fractions. 



the RER and only 3% in the Golgi apparatus. The subcellular 
fractions from Ag8(8) and RD3-2 were also examined for 
presence of BiP by immunoprecipitation. Table I shows that 
BiP is found largely in RER fractions from each cell type, and 
is not present in other membrane fractions in quantities larger 
than 3% of total. The presence of BiP in the cytosolic fractions 
supports the hypothesis that BiP is soluble and not a mem- 
brane-associated protein. BiP was also extracted into the 
aqueous phase during Triton X-114 detergent partitioning 
(not shown), a procedure which promotes separation of inte- 
gral membrane proteins into a detergent phase and soluble 
proteins into the aqueous phase (6). Thus BiP is most likely 
located within the RER and can be demonstrated to behave 
as a freely soluble protein. 

Discussion 

The studies described in this paper focus on the association 
of the microsomal protein BiP with intracellular Ig heavy 
chains from secreting (H + , L + ) and nonsecreting (H + , L~) 
mouse B lymphocyte cell lines. A direct correlation exists 
between light chain addition, BiP displacement and the ability 
of assembled Ig molecules to be transported to the Golgi 
apparatus. 

The detection of BiP heavy chain complexes in (H + , L + ) 
cell lines would be anticipated to be dependent on both the 
molar ratio of heavy and light chains and the mode and rate 
of assembly of the chains within a given cell line. Analysis of 
a variety of myelomas has shown that heavy and light chains 
are synthesized in variable ratios, however, the majority have 
a molar excess of light over heavy chains (2). Thus the 
detectable amount of free heavy chain associated with BiP 
may be very small when heavy chain concentration limits 
assembly. Our ability to readily detect BiP heavy chain com- 
plexes in RD3-2 and not in MM60 may reflect a difference 
in H:L chain ratios as well as the mode of light chain addition. 
RD3-2 assembles heavy chain dimers (H2) before light chain 
addition, whereas in IgM-producing cell lines such as MM60, 
light chains are added directly to individual heavy chains (5, 
30). Consequently, if BiP displacement is mediated solely by 
light chain addition, heavy chains available for BiP association 
would exist within RD3-2 until the last light chain is added 
forming the H2L2 tetramer, while in MM60 BiP would be 
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displaced immediately after the ght chain is added 

forming the HL dimer. 

In RD3-2 and J558, co-precipitation of BiP with assembling 
Ig precursors was readily observed when anti-BiP antibody 
was used as the precipitating agent. However, when assem- 
bling heavy chains were precipitated with anti-heavy chain 
antibody, little or no co-precipitating BiP was observed. It is 
not known why the BiP heavy chain complex is more readily 
detectable from the anti-BiP immunoprecipitates. This obser- 
vation may explain why BiP has not previously been identified 
to co-precipitate with assembling Ig heavy chains when ana- 
lyzed with polyclonal anti-heavy chain antibody reagents. . 

Experiments with J558 revealed that when glycosylation of 
heavy chains was inhibited with tunicamycin, an increased 
level of BiP heavy chain complex was observed in pulse-chase 
experiments. Inhibition of heavy chain glycosylation has been 
reported to relieve a translation^ block in heavy chain syn- 
thesis. Relief of this block resulted in a higher H/L ratio (4). 
If tunicamycin relieves a translational block of heavy chain 
synthesis in J558, the increase in BiP heavy chain complexes 
observed in the presence of tunicamycin could result from an 
increase in the intracellular pool of heavy chain. Alternatively, 
inhibition of glycosylation could prevent normal protein fpld- 
ing resulting in a heavy chain conformation that associates 
less efficiently with light chain ( 10, 1 8). 

Subcellular fractionation of Ag8(8) demonstrated that 
transport of free heavy chains to the Golgi compartment is 
either blocked or is inefficient when compared to the transport 
of completely assembled molecules in RD3-2. This finding is 
in agreement with the differential transport of membrane and 
secretory ^-chains within the human B-cell line, Daudi. Daudi 
cells produce both secretory and membrane ^-chains, however 
only the membrane ^-chains are externalized ( rO)rThe secre- 
tory heavy chains do not assemble with light chain and remain 
endoglycosidase H sensitive and thus are blocked from trans- 
port to, at least, the medial Golgi region (Hendershot, L., 
manuscript in preparation). BiP was only immunoprecipi- 
tated in significant quantities from the RER membrane- 
enriched vesicles. This finding, demonstrates that BiP is a 
native component of the RER and maintains its subcellular 
location despite a continual synthesis and export of newly 
synthesized secretory protein. Thus, the transport of Ig from 
RER to Golgi apparatus is a very selective process restricting 
transport of native RER luminal components. A similar 
restriction of subcellular location has also been shown for 
three membrane-associated RER-specific proteins within a 
mouse myeloma (23). 

Intracellular transport of secretory proteins from the RER 
to the Golgi apparatus has been hypothesized to be mediated 
by receptors within the endoplasmic reticulum (12, 24, 40). 
Receptor-mediated intracellular transport would ensure selec- 
tive transport of only those proteins expressing determinants 
recognized by such receptors. Our data demonstrating selec- 
tive transport of assembled Ig directly supports such a hy- 
pothesis. In the absence of light chain assembly, signals nec- 
essary for transport are not expressed on heavy chains asso- 
ciated with BiP. Transport signals within the heavy chain may 
be sterically masked by BiP, or BiP may influence the folding 
of the heavy chain such that proper conformation necessary 
for transport is not achieved. Light chain addition with disas- 



sociation of BiP app^^w be necessary for initiating trans- 
port. This suggests tlSI^P may play a regulatory role in the 
intracellular transport of Ig molecules by preventing the pre- 
mature transport and possible expression of Ig heavy chains 
before their assembly with light chain. 

Acquisition of proper conformation has been demonstrated 
to be necessary for the transport of other secretory proteins. 
In this regard, the transport of retinol-binding protein requires 
exogenous ligand for exit from the RER (34). One and two 
amino acid substitutions within secretory proteins can prevent 
their secretion presumably by altering conformation (44, 45). 
In addition, the prevention of glycosylation or its processing, 
which may influence protein folding, have been shown to 
affect efficiency of intracellular transport of Ig as well as other 
secretory proteins (22, 25). The signals necessary for directing 
transport and secretion of Ig molecules as well as other 
secretory proteins are enigmatic. Secretion of assembled Ig 
can occur in cells producing mutant heavy chains with dele- 
tions of. any one of the constant region domains (20). Thus 
ho one domain is necessary for secretion. In contrast to heavy 
chains, some but not all light chains can be secreted unassem- 
bled when light chain synthesis is in excess of heavy chain 
synthesis or when cells have lost the ability to 'produce heavy 
chains (19). These observations may suggest that neither the 
heavy chain nor light chain in itself is sufficient for signaling 
transport, but that it is the product of the two chains within 
the assembled molecule that signals transport. Heavy chains, 
however, can possess signals' sufficient for secretion. In con- 
trast to ^-chains in pre-B cells; heavy chains can be secreted 
in the absence of light chaimsyrithesis in lymphoproliferative 
heavy chain disease (35). and in some mutant myelomas (9, 
29). Examination of many'heayy chain disease proteins has 
shown that they contain'deletiotis that include portions of the 
first constant region (GHi) and/or variable region domains 
where light chains associate (35). In preliminary experiments, 
we have been unable to demonstrate association of BiP with 
heavy chains containing ^deietii^s' ^within the GH ( domain. 
We speculate thatf a§^ciatidn|6f -riiascent heavy chains with 
BiP requires an iritact*GKi*d^ 

We have described a ;n6Ver^ processing 
event involving the: associa^ intracellular 
Ig heavy chains with the. microsomal pfotei BiP. This asso- 
ciation occurs early in the maturational process of immuno- 
globulin assembly within the'" endoplasmic reticulum. We 
propose that the association^ BiP with unassembled heavy 
chains may prevent their transport along the secretory path- 
way by masking expression of transport recognition signals 
within the heavy "chain" molecule." We have found BiP to be 
ubiquitously distributed among cells of different lineages and 
from the results of .preliminary experiments speculate that 
BiP may function in posttranslational processing and trans- 
port of other secretory proteins as well. 

We wish to thank Bill Jourdian and Eric Hunter for their comments 
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manuscript. 
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expression on the cell surface. Am of the sizes of the visible 
human repetitive DNA bandl^^es. us an estimate of the 
amplified unit of at least 200 kilobase pairs. 

Several pieces of evidence lead us to conclude that the struc- 
tural gene for Leu-2 is amplified in the selected cells expressing 
high levels of Leu-2: (1) the transfection frequency for Leu-2 
using J10-6 DNA is 15-20 times, greater than with the same 
amount of donor JM lymphoma DNA or J10 DNA, (2) double 
minute chromosomes, known to occur: with gene amplification 
in mouse cells, are present in J10-6 cells, (3) the introduced 
human or TK DNA integrated in the L-cell genome is amplified 
10-50 times based on Southern blots with human repetitive 
DNA or TK as probes. Spontaneous amplification for the Leu-2 
gene in a mouse L-cell transferee may be a fairly common 
event since at least 4 of 20 independent, FACS isolated, Leu-2 
transformed clones showed an increased and unstable pattern 
of antigen expression. For each of the four clones we were able 
to select cells with greater antigen expression by FACS selection 
of the brightest stained cells. Preliminary work indicates that 
growing cells in HAT medium versus non-HAT medium is more 
effective for this process. 

FACS has been used for selecting cells with other kinds of 
amplified sequences. Johnston et al? selected for amplification 
of dihydrofolate reductase (DHFR) in CHO cells by multiple- 
cycles of sorting the brightest cells after staining with fluorescent 
methotrexate, an inhibitor of DHFR. This group obtained cells 
that had spontaneously amplified the DHFR gene 50-fold. With 
suitable fluorescent probes, selection for amplification of other 
genes may be made in a similar manner. 



Cells with anHHd copies of a gene coding for a cell-surface 
antigen, could be^ery useful for cloning this gene. Cloning by 
cDNA methods could be simplified because the levels of mRNA 
are almost certainly increased in amplified cells. For example, 
Caskey et. aL 8 isolated a. cDNA clone corresponding to the 
HPRT gene using a neuroblastoma line with 40-fold amplifica- 
tion. Double minutes could be isolated and used for the produc- 
tion of genomic libraries enriched for amplified sequences 9 . Cells 
with increased amounts of antigen expression should also make 
protein purification for structural and functional studies of cell- 
surface antigens easier. 
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discussions and Ms Susan Gunther and Ms Maria Chiara Rattazzi 
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Immunoglobulin heavy chain 
binding protein 

Ingrid G. Haas & Matthias WabI 

Friedrich-Miescher-Laboratorium, der Max-Planck-Gesellschaft, 
Spemannstrasse 37-39, D-7400 Tubingen, FRG 

Pre-B lymphocytes, and hybridomas derived from them, 
synthesize immunoglobulin heavy (IgH) chain in the absence 
of light (L) chain 1 . In the Abelson virus transformed line 18-81, 
which is representative of the pre-B cell stage, we observed 
that at least some of the H-chains are bound to a protein other 
than L-chain. Here we show that the protein (which we term 
immunoglobulin heavy-chain binding protein, BiP) binds non- 
covaiently to free IgH, but not to IgH associated with IgL. 

Some of the 18-81 cells produce M-chain and others produce 
y2b-chain. After fusion with a myeloma that does not synthesize 
any Ig chain, hybridomas can be recovered which produce 
or y2b-chain, and some of which also produce K-chain 2 . 
Immunoprecipitation of intracellular Ig from the L-chain nega- 
tive pre-B cell hybridomas resulted in the co-precipitation of a 
protein migrating with the same electrophoretic mobility as 
M-chain in SDS-polyacrylamide gel electrophoresis (PAGE) in 
reducing conditions. We have previously shown that this protein 
of molecular weight 78,000 (78K) is not /u-chain 2 . Figure la 
shows this protein from cells of the hybridoma line H6 which 
produces y2b chain but no L-chain (lane 2). In the /i-chain 
producing hybridoma HI 3, there is a similar protein, which can 
be distinguished from /i-chain, because this particular ji-chain 
migrates slightly faster than normal (Fig. la, lane 1). Very small 
amounts of the 78K protein also co-precipitated with the 
intracellular (Fig. la, lanes 3, 5) but not with the secreted 
immunoglobulin (lanes 4, 6) from the plasma ceil hybridomas 
Sp2 and PCI 56.0, which produce IgG2b and Ig03, respectively. 
The 78 K protein is not glycosylated (data not shown). 

In order to establish whether the 78K protein that co-precipi- 
tates with intracellular immunoglobulin is the same in-the differ- 
ent cell lines, peptide maps were analysed. The bands of interest 
were localized by autoradiography, cut out from the dried gels 
and subjected to limited proteolysis with papain 3 . In SDS- 
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PAGE, at least 10 peptides are shared among the 78K proteins 
from the y2b-producing hybridoma H6 (Fig. lb, lanes 2, 6), 
from the /a- producing hybridoma HI 3 (lane 3) and from the 
plasma cell hybridomas Sp2 and PCI 56.0 (lanes 5 and 7 respec- 
tively). The peptide pattern of the y2b-chain (lane 1) differs 
from that of the /i-chain (lane 4) as well as from the peptide 
pattern of the 78K protein. From these results we conclude that 
the 78K protein is similar in the different cell lines. 

The co-precipitation of the 78K protein with IgH chain could 
have been due to a cross-reactivity of the antisera used in these 
experiments. We have excluded this possibility by carrying out 
the precipitation with Staphylococcus aureus in the absence of 
any antiserum. S. aureus binds the Fc portion of mouse y2b- 
chain but not of /i-chain. The 78K protein does not bind to S. 
aureus; that is, no protein is precipitated in a cell lysate of 
M-producing cells with S. aureus alone (Fig. 2, lane 3). However, 
on addition of anti-/x antiserum both the 78K protein and 
M-chain are precipitated (Fig. 2, lane 5). Since the addition of 
S. aureus alone is sufficient to precipitate both the IgH chain 
and the 78K protein in y2b-synthesizing cells (Fig. 2, lane 6), 
the co-precipitation must be due to a binding of this protein to 
the y2b-chain. An explanation involving a binding of this protein 
to the S. aureus immunoglobulin complex can be excluded 
because (1) anti-* antiserum together with S. aureus did not 
precipitate the 78K protein in the /i-producing hybridoma H13 
(Fig. 2, lane 4); (2) the 78K protein was precipitated by anti-H 
chain antiserum together with a second antibody; (3) the precipi- 
tation of H chain and BiP was inhibited by the addition of 
unlabelled immunoglobulin of the same H-chain class, but not 
by the addition of immunoglobulin of other classes. Since the 
78K protein thus binds to the y2b-chain, but also to the H-chain 
of other classes, we propose that this protein be called immuno- 
globulin heavy chain binding protein (BiP). 

It is possible that the binding of BiP to H-chain is an artefact 
of the cell lysis and protein precipitation procedure — if BiP and 
H-chain were present in different cellular compartments the 
. binding would occur only when the cells are Iysed with detergent. 
To test this we analysed subcellular fractions obtained in the 
absence of detergent. BiP co- precipitated with H-chain in the 
microsomal fraction and in the soluble cytoplasm (Fig. 3 a, lanes 
2, 3, Fig. 3b, lanes 2, 3). Although the ratio of H-chain to BiP 
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Fig. 1 A 78K protein that is co-precipitated with the intracellular 
immunoglobulin of various hybridpmas. a, 2x 10 6 cells were cul- 
tured in the presence of 35 S-methionine, lysed in 0.5% non-ionic 
detergent and the intracellular immunoglobulin was precipitated 
as described previously 2 . Secreted immunoglobulin was precipi- 
tated from the labelled supernatant of the cells. Analysis of the 
precipitated material was performed by electrophoresis in 10% 
SDS-polyacrylamide gels. Lane 1, pre-B-cell hybridoma HI 3- 
synthesizing ^t-chain precipitated with anti-/i; lane 2. pre-B-cell 
hybridoma H6 synthesizing y2b-chain precipitated with S. aureus; 
lanes 3,4, plasma cell hybridoma Sp2 synthesizing IgG2b, intracel- 
lular (lane 3) and secreted (larie 4); lanes 5, 6, plasma cell 
hybridoma PCI 56.0 synthesizing lgC3, intracellular (lane 5) and 
secreted (lane 6); lanes 3-6, precipitation by 5. aureus alone. 6, 
Limited proteolysis of proteins was performed as described in the 
text. The 35 S-methionine-containing peptides were separated in 
20% SDS-polyacrylamide gels and detected by fluorography. y2b- 
chain of H6 (lane 1), 78K protein of H6 (lanes 2, 5), 78K protein 
of H13 (lane 3), ^-chain of H13 (lane 4), 78K protein of Sp2 
(lane 5), 78K protein of PCI 56.0 (lane 7). 



varies greatly in different precipitations from whole cell lysates 
(high in Fig. 3a, 6, lane 1, lower in Fig. 1), in the cytoplasm 
and microsomal fraction the ratio of H:BiP is approximately 
1 : 1, at least when comparing Coomassie blue staining intensity 
(Fig. 3a, lanes 2, 3). BiP incorporates less 35 S-labelled methion- 
ine than the y2b-chain, which results in a higher H : BiP ratio 
after autoradiography of the same gel (Fig. 3 b). Thus Bip is 
bound to H-chain when there is no detergent, and each f raction- 
tion step caused increased binding of BiP to H-chain. This 
uggests to us that BiP is associated with H-chain in situ, but 
this point remains to be proven formally. 

BiP is bound noncovalently to H-chain in cells of the pre-B- 
cell line. Its expression in the pre-B-cell hybridoma is not 
induced by the fusion event. These conclusions are drawn from 
SDS-PAGE analysis in non-reducing conditions (Fig. 4a). The 
intracellular ^-chains of a subclone of the 18-81 cell line migrate 
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Fig. 2 The 78K protein binds to IgH chain. Experimental. pro- 
cedure was as for Fig. la. Precipitation by S. aureus was without 
antiserum in Hll, synthesizing /i, k (lane 1), in H13 (lane 3). and 
H33-11-2. (lane 6); or by 5. aureus with antiserum to *-chain in 
Hll (lane 2), in H13 (lane 4) or with antiserum to pi-chain in 
H13 (lane 5). 
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Fig. 3 Recovery of H-chain and BiP in the same subcellular 
compartments, a. Subcellular fractionation of y2b-chain synthesiz- 
ing pre-B-cell hybridoma H33-2 was performed as follows: 2 x 10 6 
35 S-methionine labelled cells were added to I0 a non-labelled cells, 
and washed in 0.25 M sucrose. Lysis and immunoglobulin precipi- 
tation were performed as described in Fig. 1 with 1/10 of these 
cells (lane 1). The rest of the cells were homogenized in 1.5 ml 
sucrose, layered on 2 ml 0.34 M sucrose, centrifuged for lOmin 
at 600g to remove the nuclei and unbroken cells. After removal 
of the mitochondrial fraction (lOmin at 5,000g), the soluble 
cytoplasmic proteins were separated from the microsomal fraction 
by centrifugation at 54,000g for 1 h. The pellet of the microsomal 
fraction was solubilized with non-ionic detergent (0.5% Triton 
X-100). Precipitation was performed by addition of S. aureus to 
the microsomal fraction (lane 2) and to the soluble cytoplasm 
proteins (lane 3). The cytoplasmic proteins thus never came in 
contact with detergent. The gel was stained with Coomassie blue; 
Ova: ovalbumin, b. Autoradiography of the dried gel shown in a. 



mainly .as dimers (lane 3; the broadness of this band is presum- 
ably due to varying degrees- of glycosylation of the /^-chains). 
Some of the ^-chains migrate as monomers. BiP migrates differ- 
ently. It is resolved into two bands with a difference in apparent 
molecular weight of —1,000. The same gel pattern is obtained 
with the ^producing pre-B-cell hybridoma H13 (lane. 2). BiP 
is also resolved into the same two bands in a y2b-producing 
pre-B-cell hybridoma (lane 4). Both of these bands give rise to 
a 78K protein when rerun in reducing conditions (Fig. 4b). All 
other bands contain only y2b-chain. 

When the cells of the 18-81 cell line are fused with a myeloma 
which does not synthesize any immunoglobulin chain, some 
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I - - the K fact « th|Wbinding of BiP to H-chain is abolished when 

* H I ■ Z hb 0 I *i ain bmds to H " chain i this suggests that BiP is involved in 

H,U ~ §11 - W * 1 regulation of immunoglobulin chain synthesis— perhaps in 

HjL* -|;K|: 3 A H,U-# the c ° ntro1 of alleiic and isotypic exclusion for immunoglobulin 
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Fig. 4 Noncovalent binding of BiP to IgH-chain in pre-B ceils 
and in hybndomas, but only when H-chain is not associated with 
L-chain. a, Cell labelling and immunoprecipitation as in Fig. 1 
Immunoglobulin precipitates were analysed in non-reducing condi- 
tions in 5 /o SDS-polyacrylamide gels: Hll , synthesizing M , K (lane 
1), H13, synthesizing M -chain (lane 2), 18-81 A33, synthesizing 
M-chain (lane 3), H32-2, synthesizing ?2b-chain (lane 4), H32 
synthesizing y2b- K (lane 5), H33-11-2, synthesizing M , y 2b and 
k (lane 6, precipitation of fx not included), J>, A y2b-BiP complex 
was first analysed in non-reducing conditions as described in a 

^no/ C c ° f a WaS CUt ° Ut from the dried 8 el ' la yered on top of a 
10 /o SDS-polyacrylamide gel and rerun in reducing conditions. 
The -y2b H-chain is found to smear throughout the lane of the 
nonreducmg gel. c, Analysis of consecutively precipitated 
immunoglobulin from H32-1, synthesizing r 2b-*, in non-reducing 
conditions. Immunoprecipitation was performed with anti-K anti- 
serum coupled to Sepharose 4B (lane 1), the remaining immuno- 
globulin was precipitated by the addition of 5. aureus (lane 2) 



hybridomas can be recovered that produce K-chain. In these 
hybridomas there is almost no BiP bound to H-chain (Fig. 4a, 
lane 1, shows a hybridoma producing fx *, and lane 5 shows a 
hybridoma synthesizing y2b-fc), although the H-chain is iden- 
tical to the /x- or ?2b-chain 4 associated with BiP in the absence 
of K-chain. Two-dimensional gel analysis of total cellular pro- 
teins revealed that BiP is still present in these ^-producing cells 
(data not shown). In hybridoma H33-11-2, not all of the IgH 
chains are associated with L-chains, and BiP is still synthesized 
and is co-precipitated in this K-producing cell (Fig. 4, lane 6). 
Precipitation with anti-K antiserum coupled to Sepharose 4B 
shows the occurrence of mixed molecules (H + H + L + BiP) (Fig. 
4c, lane 1). Subsequent precipitation with S. aureus aione 
recovered H-chain dimers associated with BiP (Fig. 4c, lane 2). 
These findings can be explained in one of the following ways: 
(1) The binding of BiP might be prevented through steric 
hindrance by *-chain; (2) a configuration change of the H-chain 
might occur when it is covalently bound to L-chain so that the 
binding site for BiP is altered; (3) BiP and L-chain might 
compete for the same binding site. Whatever the explanation, 



Vaccination against the tsetse-borne trypanosomiases has 
proved impossible because of the trypanosome's ability to gen- 
erate a seemingly inexhaustible number of variable antigen 
types in the blood or tissues of the host 1 . Each variable antigen 
is a glycoprotein which forms a surface coat on the trypanosome 
and each glycoprotein is the product of a single gene 2 ' 3 . The 
full repertoire of such antigens has not been identified for any 
trypanosome serodeme (genotype) as yet, but the number of 
genes coding for variable antigen glycoproteins is estimated to 
be between 100 and 1,000 4S . We have previously postulated 
that for Trypanosoma brucei the antigen repertoire of the infec- 
tive metacyclic stage trypanosomes inoculated by the tsetse fly 
may be considerably smaller than .that expressed in the mam- 
malian host 6 " 8 . If this is so then protection against infection by 
the vector becomes an easier proposition, but the actual scale 
of the metacyclic repertoire is also unknown. We present here 
evidence that the metacyclic repertoire of a stock of T. con- 
golense, the most important of the pathogenic cattle trypano- 
somes, is limited to 12 variable antigen types. 

T. congolense infected tsetse flies produce very few metacyclic 
' trypanosomes and this inhibits examination of metacyclic vari- 
able antigen type (M-VAT) heterogeneity using fly-derived 
metacyclics. Recently, however, a culture system for generating 
T. congolense metacyclics in vitro has been developed 9 . Cultures 
are initiated with trypanosomes isolated from either the probos- 
cis or proventriculus of infected Glossina morsitans and 2 x 10 6 
metacyclics can be harvested daily from the supernatant of a 
mature culture; metacyclics are separated from their uncoated 
epimastigote predecessors by ion exchange chromatography 10 . 
We have utilized such metacyclics obtained from an uncloned 
West African stock, TREU 1290, to produce monoclonal anti- 
bodies against M-VATs. BALB/c mice were infected using 10 6 
live culture metacyclics (UM1 population, Fig. 1). The mice 
were drug treated on day 5 with 10 mg per kg Berenil and 
injected again intravenously with 10 6 metacyclics on day 14. 
Spleen cells were removed 3 days later and fused with the 
myeloma cell line P3-X63-Ag8-653 u ' i2 . 

Twenty-five monoclonal antibodies (mAbs) were isolated and 
these labelled various subpopulations (VATs), of TREU 1290 
metacyclics (UM1) using the indirect immunofluorescence tech- 
nique on acetone-fixed trypanosomes. Twenty of these mAbs 
labelled exposed epitopes on live metacyclics. The percentage 
of the population labelled by individual mAbs varied from day 
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ABSTRACT A plasma cell hybridoma frequently loses its 
immunoglobulin heavy (H) chain spontaneously but rarely is 
production of its light (L) chain lost. Upon fusion to a pre-B- 
ccll hybridoma that produces no Ig chain, the L chain is fre- 
quently lost. In cells without the L chain the H chain, which is 
derived from the plasma ceil, is not chemically modified. Our 
results indicate that, in pre-B cells, but not in plasma ceils, 
there must be n mechanism that neutralizes the toxic effect of 
free H chain. 

Myelomas and hybridomas derived from plasma cells se- 
crete immunoglobulin consisting of heavy (H) and light (L) 
chains. From such ceil lines, subclones that. have lost H 
chain expression can be recovered, but they still secrete the 
L chain (1, 2). The L chain can then be lost at the same 
frequency as the H chain. On the other hand, -it. seems to be 
very difficult to recover cells that have lost L chain expres- 
. sion but that still synthesize the H chain (1-3) except when 
the ceils arc mutagenized (4) or express a mutant H chain (5- 
7). These observations have led to the view that the free H 
chain is toxic to the cells (2, 3). However, celts of an earlier 
differentiation stage. pre-B cells, synthesize intracellular H 
chain in the absence of the L chain (8). To explain this differ- 
ence, several possibilities have been proposed: (/) the rate of 
H chain synthesis in pre-B cells is loo low to damage the cell 
(9); (//) the prc-B cell synthesizes a different H chain that is 
not toxic to the cell (2); or (///). in pre-B cells, there is a spe- 
cial protein that neutralizes the toxic effect of the free H 
chain (10, 11). 

Here we repon that hybridomas derived from pre-B cells 
are not different from plasma cell hybridomas with respect 
to their rate of H chain synthesis and steady-state level of H 
chain. However, they do" not synthesize the L chain, in con- 
. sequence, we wanted to answer the question whether there, 
are pre-B-celi hybridomas that can synthesize a free H 
chain, which has been shown to be toxic in plasma cell hy- 
bridomas. 

MATERIALS AND METHODS 

Cell Lines. Sp2 and GK14.1 were established and provided 
by G. Kohler (Basel). The cell lines are derived from fusions 
beiween spleen cells and a myeloma. X63 Ag8. and synthe- 
size [gG2b. Sp2.0 is an azaguanine-resistant subclone of Sp2 
and has lost Ig expression. Cell lines H32-21. H32-3. H32-8. 
and H6 are derived from fusions between y2b-synthesizing 
subclones of the Abeison virus-transformed pre-B-cell line 
18-31 and X63 Ag86i3 (12). Clone H62 is a subclone of H6 
and synthesizes no Ig chuin. NORA hybridomas were made 
by fusion of Sp2 HL Ag.14 and H62. SPSP hybridomas are 
derived from a fusion between Sp2.0 and Sp2. Cell fusion 
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was carried out as described (12). The genealogy of the vari- 
ous hybridomas is given in Fig. 1. 

Isolation of Subclones with Ig Chain Lbss. Soft agar cloning 
and antiserum overlay was carried u!ut according to the 
method of Coffino and Scharff (1). When an antiserum 
•against IgG2b (y2b.*) was used, about 1% of the cells formed 
colonics without precipitation. These clones were isolated, 
and their Ig expression was analyzed! by immunofluores- 
cence. Clones of interest were grown -in mass culture and 
further analyzed by irnmunoprccipitatidn and electrophore- 
sis. 

NaUodSOj/Polyacrylamide Electrophoresis. Cell labeling, 
imrnunoprecipitation, and NaDodS0 4 /polyacrylamide gel 
electrophoresis were carried .out as described (12). Pulse la- 
beling (30 min) was carried out by the addition of ( J5 S]meth- 
ionine to cells, that^ had been incubatefj in methioninc-frec- 
select medium/10% dialyzcd fetal calPserum for 1 hr. The 
amount of [ JJ S]methionine incorporated; into the precipitated 
proteins was measured after gel fractionation by scintillation 
assay of the sotubilized gel slices. 

Isoelectric Focusing. [ Ji S]Methionine-labcled Ig precipi- 
tates were dissolved in 9.5 iM urea/2^ Nuuideu P-40/2% 
Ampholinc (pH 5-ll)/5%- 2-mercaptoeihanol and applied to 
isoelectrofocusing slab gels. The gel Composition was ac- 
cording to O'FarreflXD): Electrophoresis was carried out for 
Ihrat 250 V, for 12 hr : at 400 V, and finally for 1 hr at 800 V-. 
The proteins were visualized by fluorography. 

Immunonuprcsccnce. The purification and fluorochrome 
conjugation of goat antibodies specific for mouse H chain 
isotypes and the methods.'for immunofluorescence detection 
of intracellular Ig have been described -(14). 

RESULTS 

The Rate of Ig H Chain Synthesis and the Sleady-Statc Level 
of the H Chain in Plasma Cell- and in Prje-B Cell-Derived Hy- 
bridomas Are of theSame Order of iMagnitude. The prc-B cell 
is characterizedby the synthesis of intracellular H chain in 
the absence of the L chain. The free H chain is toxic in plas- 
ma cells, but prc-B "cells may survive because they synthe- 
size the H chain in small amounts (15 : , 16) that would not 
damage the cell. -To test this hypothesis, we increased the 
amount of free H. chain present in pre-B cells by fusion to a 
myeloma. The steady-state level of R>fA specific for the H 
chain is the same in pre-0-ceil hybridomas and in plasma cell 
hybridomas (16). 

By measuring the short-term incorponation of radiolabeled 
methionine into the H chain (Fig. 2), we have compared the 
rate of Ig H chain synthesis in pre-B-cell-dcrivcd hybrid- 
omas with that of plasma cell-derived hybridomas. The 
amount of radioactivity incorporated into the various H 
chains was of the same order of magnitude. Also, the steady- 
state level of the H chain, as deiermincd by long-term labei- 

Abbrcviaiions: H chain and L chain, heavy and light chain, respec- 
tively, of Ijj; BiP. H chain binding protein. 
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ing (Fig. 3) and by immunofluorescence intensity (data not 
shown), was not different. This docs not formally exclude"''-* 
that pre-B ceils survive the expression of free H chain be- : 
cause of a low rate of synthesis, but there would still remain - - 
the question of why the H chain is not toxic for pre-B-celU 
derived hybridomas as it is for plasma cell-derived hybrid-: 
omas. . .. 

A Given H Chain Is Toxic in Plasma Cells but Not : in^Rr?^B'-' : ^ 
Cells. Because pre-B-cell-derived hybridomas can^surviyfex. 
high levels of the H chain, we wanted to know whethe'rtfi-c^*' ; 
are able to survive the expression of a H chain /the.'ipxjciiy, 
of which has been demonstrated in plasma cells ."For; that:';; 
purpose, we fused a plasma cell hybridoma to a pre-Br^lk ■/' 



hybridoma that had lost its own H chain expression. 

. .The Sp2 cell line is derived from fusion of a plasma cell 

with a myeloma (Fig. 1). It synthesize* both H and L chain 

• and exhibits the H chain toxicity phenomenon (2). We con- 
firmed this by recovering Ig chain-loss- variants according to 
the method of Coffino and Scharff (IX, Of 74 subclones, 69 
expressed no H chain, one expressed no- L chain (that' is, 

, expressed H chain only), and 4 did noq express any Ig chain 

. at all (Table 1). We then fused the Sp2 cell line to a pre-B- 
ccll-derived hybridoma, H62, that hadjlost the expression of 

-. its own Ig chain (Fig. 1). The resulting fjybrid cell line NORA 
4. secreted H and L chain from the Sr2 parent line (Figs. 3 
and 4). The NORA ceil line tolerates tine H chain in the ab- 




■ Fig. 2 Amoum of radiQj.ci.viiy incorporated into immunoprcciptuicd proteins after Separation on polyacrvlamide gel. GKK1 (a) and Sp2 
il< w T'' CC,1 * d = n ? d hy h bnd0mas 7 nlhcs '* fl S buth H and L chain: H32-21 <r). H320 (dl and H32-3 (h are prb-B-cdl-derived hybrid- 
arc c-nc * * " ™ ^ ^ " ThC P«"^8« of ««* synthesizing Ig were deicrmined by immunoflu- 
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Fic. 3. NaDodSO./poIyacrylamide gel electrophoresis analysis 
of the lgs of various hybridomas synthesizing both H and L chain or 
synthesizing the H chain only. Sp2 (lanes a) and NORA 4 (lanes c) 
secrete both H and L chain; S?S? 1.55 (lanes b). NORA 4.2 (lane dV. 
NORA 4.16 (lane e). NORA 4.8.20 (lane f). and the pre-B-celi hy- 
bridoma H 61 (lane g) synthesize the H chain without the L chain but 
do not secrete it. 
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Fig. 4. Isoelectric focusing analysis of intracellular Ig of various 
hybridomas synthesizing boih H and L chain or synthesizing H 
chain only. Lanes: a. pre-B-cell hybridoma H 61 (y2bj: b, Sp2 
(72b.x): c. SPSP 1.55 (y2b>: d. NORA 4 (y2bwr): e. NORA 4.2 (ylbY 
f. NORA 4.16 (y2b); g. NORA 4.3.20 ( r 2b). The y2b chain of H 61 
has a variable region different from the one of the Sp2 cells and their 
hybridomas. 



sence of the L chain. Ten out of 55 subclones of NORA 4 
wkh Ig chain loss synthesized Ig H chain without the L 
chain, 42 synthesized the L chain only, and 3 did not synthe- 
size any Ig chain at all (Table 1). A subclone of NORA 4, 
NORA 4.8, that synthesizes both H and L chain, showed the 
same chain loss distribution (Table. 1). In no instance was the 
H chain secreted. "As/aTcontrdt to account for the increased 
chromosome numbers^o/';the-.NORA 4 hybrid, as compared 
with Sp2; we fused fffc Sp2 cell line to a nonproducing sub* 
clone, Sp2:0, generating SPSP hybridomas (Fig. 1). From 
these hybridomas. .subclones b-ynt he sizing free H chain . 
should be rare. Indeed, of 125 subclones with Ig chain loss, 
we recovered only 1 subclone expressing free H chain (Table 
1). Of these subclones. 122 had lost the H chain and two had 
lost both Ig chains. Comparison of the H chain of hybrid- 
omas synthesizing ;bothr,H and L chain or the H chain alone 
revealed no differenccHW ; size-(Fig. 3) nor in isoelectric fo- 
cusing behaviorf'tHig^ 4)..;Sinee in .this. case, the H chain is 
one thai is kno\vn^O ;beXd.xiC; we conclude that in pre-B cells 
there is a mechanism-neutralizing the toxic effect of free H 
chains. '^;J;..-d 

f V- .DISCUSSION 
Why are free Ig H effifins toxic in plasma cells but not in pre- 
B cells? From the plasmacytoma MOPC 21, a vuriant could " 
be recovered that synth v e$iies : oniy the H chain. The mutant 
H chain of this- variant blades-- the last 67 carboxyl-Lcrminal 
amino acids and. form's ip'o.lymers of at least 20 H chains (9). 
This polymerization is --probably, due to free sulfhydryl (SH) 

Table 1. !g chain loss pattern i n various hybridomas 

No. of subclones 



Hybridoma 


H chain lost 


, L chain lost 


S P 2 


57 


0 


Sp2.68 


12 


1 


Total 


69 


1 


NORA 4 


42 


10 


NORA 4.3 


42 


12 








Total 


84 


m 


SPSP 1 


59 


1 


SPSP 2 


63 


U 








Total 


122 


1 



groups on the H chain that would normally form the L-H 
bridge. The normal H chain probably could also polymerize 
in the absence of L chains but would form much larger insol- 
uble complexes that would damage the cell. Polymerization 
of L chains cannot occur because no additional free SH 
groups arc available once the L chain has formed a dimer. It 
is of interest thai H chains are predominantly found as 
monomers or dimcrs in pre-B cells (11), as well as in the H 
chain-synthesizing subclones of the NORA 4 hybrid line 
(data not shown). Thus, neutralization of the toxic effect of 
the free H. chain may be achieved by the prevention of H 
chain polymerization — for example, by an enzyme that al- 
ters the reactive SH groups of the Ig H chain. Since we did 
not find any difference in the isoelectric focusing pattern of 
the intracellular H chains of Sp2. NORA 4, and of chose sub- 
clones synthesizing no L chain (Fig. 4) ; one can postulate a 
protein that either rapidly degrades accumulating free H 
chain or protects the reactive SH groups without chemical 
modification.. We have already described a protein (heavy 
chain-binding protein, BiP) that binds to Ig K chains not as- 
sociated with the L chain (11). In all NORA subclones that 
have lost the L chain (some of them are:shuwn in Fig. 3), the 
H chain is associated with the BiP. If the BiP is neutralizing 
H chain toxicity it should be less active in plasma "cells than 
in pre-B cells. 

Whatever the mechanism for" neutralization of H chain 
toxicity, our results demand an explanation of why H chain 
synthesis precedes L chain synthesis in-B-cell ontogeny (10). 

We thank Drs. J. Johnson (Munich) and C. Steinberg (Basel) for 
discussions. 
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Functional immunoglobulin M production after transfe^tion nf 
&ho~° gl0bUlin ^ "* Ught Chain » ° f 

(protoplast fusion/C418 selection) 
Communicated by Niels Kajjcrne. July 11. 1983 



ABSTRACT The rearranged immunoglobulin heavy (/x) and 
light (k) chain genes cloned from the Sp6 hybridoma cell line pro- 
ducing immunoglobulin M specific for the hapten 2,4,6-trinitro- 
phenyl were inserted into the transfer vector p$V2-neo and in- 
troduced into various plasmacytoma and hybridoma cell lines. The 
transfer of the /i and k genes resulted in the production of pen- 
tameric, hapten-speci fie, functional IgM. 

Work over the last decades has provided extensive information 
on immunoglobulin function and structure (1), Despitejthis in- * 
formation, it has been possible only in gross termsrto^/eMe^mo^ 
Iecular function with particular structural features? ' ; 

With the advent of genetic engineering and-:gen^^ 
techniques, questions regarding structure-function relation- 
ships can now be readily addressed — that is, virtually any gene 
segment can be modified precisely in vitro and the novel seg- 
ment can then be exchanged with its normal counterpart. By 
introducing such engineered genes into the appropriate cells, 
the effects of systematic alterations in protein structure oh pro- 
tein function can be assessed. 

Because immunoglobulin production is a speHiajized c func- : .; 
tion of cells of the B-lymphocyte lineage, it is expected;thaUhe;. *" 
conditions for proper Ig gene expression will be pfbvTdeH Orily 
in appropriate immunocompetent cells. For eicalmp Ie,?^tp J 'pro-/r^ . 
duce normal pentameric IgM(*), a cell must trariscr^ 
cess, and translate RNA for the \i and k chains anH : alsqlprdvjd^ . 
J protein, enzymes for the proper polymerization' aniJ^gly^s^Ja-/ . 
tion of the Ig chains, as well as a suitable secretory apparaVus. 
We have previously described a system for transferring. a;func-f 
tional immunoglobulin k light chain gene into IgM^prbducing^; 
hybridoma cells (2). Here we extend this work to showthaUth'e v 
transfer of the ^ and k chain genes of a defined/speclfici[yjn : to /- 
various plasmacytoma and hybridoma cell lines results ; l^thev 
production of functional pentameric, hapten-specific^gMM. 

MATERIALS AND METHODS 

Cell Lines. X63Ag8 was originally derived (3) from the plas- - 
macytoma MOPC21 and synthesizes IgGl(*) of unknown spec- 
ificity. X63Ag8.653 was derived from X63Ag8 as a subclone that 
synthesizes neither the heavy (yl) nor light (k) chain (4). Sim- 
ilarly. Sp2/0Agl4 is an Ig nonproducing subclone of the Sp2 
hybridoma (5). Sp6 is a hybridoma making IgM(*) specific for 
the hapten 2,4,6-trinitrophenyI (TNP); originally this cell line 
produced the yl and k chains of X53Ag8 as well as the (TNP . 
specific) U.-TNP and kth? chains (6). A subclone of Sp6 not mak- 

The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertise- 
ment" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 



ing the yl chain was isolated, and the Sp602 and Sp603 cell 
hnes were derived from this yl nonproducer. The mutant cell 
line igm-10, derived from Sp602 (7), latks the gene encoding 
Mtnp (o). " 

Gene Transfer. The construction of pSV2-neo plasmid vec- 
tors carrying the genes for Mtnp or or both is described 
in the text. The vectors were transfected into the r k "m k " Esch- 
enchia coli strain K803. To transfer the vector, bacteria bearing 
the appropriate plasmids were converted to protoplasts and fused 
to the indicated cell lines as described :(2); The frequency of 
G418-resistant transformants per input. cell' was approximately 
1(T 4 for X63Ag8 and Sp2/0Agl4, 10" 5 frir igm-10, and 10" 6 for 
X63Ag8.653. " . ... . 

Analysis of Ig. As described previously (7). Ig was hiosyn- 
thetically labeled, in the.presence or absence, of -tunicamycin, 
immunoprecipitated, and analyzed by.NaDodS0 4 /polyacryl- 
amide gel electrophoresis with or without disulfide bond re- 
duction. TNP binding IgM was assayed by TNP-dependent 
hemagglutination and by TNP-dependeht enzyme-linked im- 
munoadsorbent assay (ELISA) as descri&ed (2, 7). The hemo- 
lyses of protein A-coupled erythrocytes and TNP-coupled 
erythrocytes were used to assay total IgM- and. TNP-specific 
complement activating IgM, respectively (7). 

Analysis of RNA and DNA. Cytoplasmic RNA was isolated 
according to Schibler et al (9) and subjected to RNA blot anal- 
ysis as described by Thomas (10). " " : '~ 

Procedures for DNA extraction (11), : nitrocellulose blotting 
(12), and radiolabeling of probes (13) have been described (14, 
15). Probes specific for genes encoding immunoglobulin con- 
stant and variable regions are detailed in the .figure legends. 

RESULTS v : \ 

Description of Vectors and Expression Systems. The hy- 
bridoma ceil line Sp6 secretes IgM(«) specific for the hapten 
- TNP. We have previously described the cloning of the TNP- 
specific k gene, designated Txl (16), and the construction of 
the recombinant, pR-TKl, where TkI is inserted in the BamHI 
site of the vector pSV2-neo (2, 17). The jztnf gene was cloned 
in ACh4A from EcoRI partially digested DNA of Sp6 cells, and 
this done is designated Sp6-718. The 16-kxiobase-pair (kbp) 
fragment carrying the variable and constant regions was ob- 
tained from Sp6-718 after partial digestion with EcoRI and was 
inserted at the EcoRI site of the vectors pSV2-neo and pR-T*l. 
In these recombinants, designated pR-Sp6 and pR-HLrN* re- 

Abbreviations; TNP, 2,4,6-trinitrophenyI; EUSA. enzyme-linked im- 
munoadsorbent assay; kbp. kilobase pair(s); SY40, simian vims 40; kb. 
kilobase(s). 
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spectively, the Mtnp gene lies in the same orientation as the 
K^pgene in pR-Tjcl—i.e., the direction of transcription of Mtnp 
is opposite that of the simian vims 40 (SV40) early promoter 
(Fig. 1). 

The mutant cell lines igk-14 and igm-10 that lack the 
gene and gene, respectively, were originally isolated from 
subclones of Sp6 (7). We have previously used igk-14 as a re- 
cipient ceil Une to assay expression of the gene (2) 
Expression of the Mtnp gene of P R-Sp6 was assayed here in 
igm-10 The simultaneous production of both Mtnp and *™ P 
chains fem the vector pR-HI™ is assayed in XaiAgS the IgCl- 
producing plasmacytoma parent of the Sp6 hybridoma. In later 
experiments the pR-rlL™ vector was assayed in the non- 
producing cell lines Sp2/0Agl4 and X63Ag8.653. IgM pro- 
duction by die transformants is compared with Sp603, a sub- 
clone of the Sp6 hybridoma. 

Selection or IgM(#c)-Po5itive Transformants. The recombi- 
nant plasmid vectors bearing the Ig genes also contain the bac- 
teria] gene ru»o, which renders the recipient cells resistant to 
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Pio. i. Structure of the pR-5p6 and pK-HLtnp plasmids. pR-Sp6 
contains the functionaUy rearranged mtmp gene («16 kbp), which waa 
inserted into the EcoRI site of pSV2-neo (see text). In addition to the 
Prop gen^ pRHLmp contains the functionally rearranged k top gene 
(9.6 kbp) at the BamHI aite (2). Ig genes are represented by heavy dark 
lines. The directions of transcription of the Ig genes and the SV40 early 
region are indicated by arrowa. The and k exona are shown as filled 
boxes. M denotes alternative COOH-tenninal coding regions that are 
utilized in the synthesis of membrane IgM. Thin lines are of pBR322 
origin. The white boxes denote DNA derived from SV40, into which the 
bacterial gene conferring neomycin resistance (hatched box) has been 
inserted. For specific details concerning the pSV2-neo transfer vector 
(donated by P. Berg), see ret 17. 
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the antibiotic C418 (17). To transfer the 1^ genes into the hy. 
bndoma and plasmacytoma cells, bacteria 5 harboring the re 
c^mbmant phsmids were converted to protoplasts and fused 
wuh the vanous cell lines and C418-resigtant cells were s e 
lected. Depending on the cell line, the efficiency of G418-re- 
sistant colonies ranged between 10- and i(T 6 per input hv- 
bndoma or plasmacytoma cell (see Materials and Methods) TV 

TNpLTTK ° f C418 ; r l esista ^ Monies -as tested for 
TNP-speafic IgM by using either a TNP-specific ELISA or bv 
•Baying agglutination of TNP^oupJed erythrocytes. In varied 
experiment between 15% and 75% of the colonies were rT 
uive m such tests, *^ 

Anal^is ol> TNI> a „d *™ Production. Colonies that were 
pos,t,ve for TOP-specific IgM were cloned $ y li mihng di]u tion 
and examined further He transformant IR44L1, derived from 
the KTOr.pos.hve «[! ] ine igm . 10 and ^ VMor 

makes about 25% of the normal (Sp603) a'mount of WM k 
measured by the TNP-dependent ELISA. The traninn'ant 
XR19L4, derived from the cell line X63Agfi and the m™ + 
*tnp vector pR-HL rap , makes about 10% of the normal amount 

oi IgM, 

To examine the mtnp and Ktn? separately, these chains were 
radiolabeled and analyzed by NaDodS0 4 /r)oly aery lam ide gel 
electrophoresis (Fig. 2). The Sp603 hybridomajceU line still makes 
the k chain of its plasmacytoma parent, X63Ag8 (Fig. 2 lane 
a), as well as the specific /i TNP and x^p djiains (Fig. 2,' lane 
e). The XR19L4 transformant derived from X63AgS has "two ad- 
ditional bands (Fig. 2, lane b), which com igfate with the j^p- 
and k-tnp of Sp603. The igm-10 cells used here make but 
have ceased to produce the k of X63Ag8 (F|g. 2, lane c), pre- 
sumably because of a rearrangement in this k gene (see legend 
to Fig. 5). The IR44L1 transformant derived from igm-10 has 
one new band that comigrates with (Ipg. 2, lane d). As 
shown in Fig. 3, analysis of unreduced IgM by NaDodSCV 
polyacrylamide gel electrophoresis indicates that the trans- 
formants make predominantly pentameric IgM Vjj^k^]. • 

RNA Production. To examine the RNAs> expressed by the 
transferred mtnp and k-^p genes, cytoplasmic RNA from the 
transformants was fractionated by gel electropnoresis and probed 




Fig. 2. Analysis of heavy and light chains oil secreted Ig. G418- 
resistant transform ant clones were bioayntheticaliy radiolabeled with 
( u C]leucine as described (7). Secreted immunoglobulins were imnau- 
noprecipitated with rabbit anti-mouse IgM antibbdy complexed 
protein A-Sepharose CL-4B beads (Pharmacia). Tpe precipitated 
terial was reduced with 2-mertaptoethanol and Analyzed by electro- 
phoresis on a NaDodSCVpolyacrylamide gel. Lan4 a, X63Agfi; I** 16 
XR19L4; lane c, igm-10; lane d, EEU4L1; and lanJe, wild-type hybn- 
doma Sp603. 
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FIG. 3. Analysis of secreted (unreduced) Ig. The radiolabeled cul- 
ture supernatant* as described in the legend to Fig. 2 were analyzed by 
electrophoresis on a NaDodSO^/polyacrylamide gel without reducing 
the disulfide bonds (7). Lane a, X63AgS; lane b, XR19L4; lane c, ignv 
10; lane d, IR44L1; and lane e, wild- type hybridoma Sp603. The mark- 
ers indicate the major forms of Sp603 IgM and X63Ag8 IgGl. 

with various p.- and /c-specific DNA sequences (Fig. 4). RNA 
for the p, heavy chain was detected with a probe from the C M 4 
region. The transformants XR19L4 and IR44L1 have bands at 
both 2.7 and 2.4 kilobases (kb), whereas the parental hybridoma 
Sp€03 has only one band at 2.4 kb (Fig. 4A). A genomic probe 
containing the p. membrane-specific exon hybridized only to 
the 2.7-kb band (data not shown). RNAs of 2.7and 2.4 kb have 
been found to encode the membrane (pj and secreted (/*,) forms 
of the /x chain, respectively (19-21). These results suggest that, 
whereas Sp603 makes RNA only for the /i, form, the trans- 
formants make RNAs for both \L m and However, we have 
been unable to detect membrane IgM by staining with flu- 
orescent /i-specific antibodies. The p. m form has a longer poly- 
peptide chain than does the ft, form and consequently can be 
distinguished from /t, by its lower mobility in NaDodSO*/ 
polyacrylamide gel electrophoresis. Therefore, we examined 
intracellular p. chains that were biosynthetically radiolabeled in 
the presence of tunieamycin; for each transformant we found 
only one p band, and this band comigrated with the p band of 
Sp6 (results not shown). These observations suggest that either 
the 2.7-kb RNA is not translated or that the ^ protein is very 
short-lived in the transformants. 

In a similar manner, the RNA blots were hybridized with a 
probe derived from the V region. Compared to Sp603 and 
igm-10, the transformant XR19L4 was found to make a low 
amount of a 1.2-kb RNA that comigrated with authentic kj^ ? 
RNA (Fig. 4B). 

Structure of Transferred DNA. To analyze the organization 
of the transferred pR-Sp6 and pR-HL T NP plasmids in the trans- 
formed cell lines, BamHI-digested cell DNA was hybridized 
with probes specific for the p.- and K-chain constant region gene 
segments/The C M l-2 probe used here spans the BamHI re- 
striction site in the C M 2 exon (Fig. 1). Therefore, a minimum 
of two fragments is expected to be detected with this probe. 




B 




Fig. 4. Detection of jitnp and ktut gene setruencea in cytoplasmic 
RNA from transformed cell lines. Lanes a, X6aAg8; lanea b, XR19M;- 
lanes c, igrn.lQ;. lanes i d, IR44L1; and lanes e, Sp603. Ten micrograms 
of total cytbpra^mic'RNA (9) was denatured w^th glyoxal, electropho- , 
reaed through' 'ajhinzontal 1% agarose gel in 10{mM sodium phosphate 
buffer at pH 6.9,- arid -transferred to nitrocellulose fcs described by TTiomaa 
(10). (A) The blotVwas hybridized with a "P-lafcjeled probe correspond* • 
ing to the C;4 exon. This. probe was isolatedifrom the cDNA clone 
pH76/a7 (donated by J. Adams) after digestiop with Pst 1 (18). (5) A 
similar blot was hybridized with a "P-labeled jprobe containing *tnp 
V-region coding sequences (16). Sizea were estimated by comparison to 
mouse ribosomal 28S and 18S RNA (4.7 and 2.0 kb, respectively). 

Two fragments of 6.0 and 16 kbp were detected in the DNA 
of both of the transformants. These correspond to the frag- 
ments generated by BamHI digestion of the intact pR-Sp6 and 
pR-HL^p plasmids (Fig. 5). In addition, $ne (XR19L4) or two 
(IR44L1) extra fragments could be detected in the DNA from 
these cell lines. In parallel experiments, sequences indicative 
of unintegrated pR-Txl plasmids have not been detected in the 
low molecular weight fraction of the Hint supernatants (25) of 
similarly transformed igk-14 cells (results' not shown). Taken 
together, these results suggest that the transferred genes are 
tandemly integrated into the chromosomal DNA of the recip- 
ient cells. 



8 1 *d 



8820*SS8S8 



dlS=20 02 12 sea 



H !!S PAGE BLANK (uspto) 



6354 



immunology: Ochi et al. 

a b c d. e f 




B 



a 




Fig. 5.; rDetection of pR-Sp6 and pR-HL-TNP sequences in DNA from . 
tnmsforroedcell jinea.Lanes a, X63 Ag8; lanea b, XR19L4; lanea c, igm- 
10; lanes i, jS4'4tl f lanes e, Sp603; and lanea f, igm-10 with 5 equiv- 
alents of : pR^^r5amHI^iigesLed DNA samples (20 /ig) were electro^ 
phoreaed tKrouglfa 136 i agarose gel at 2 V-cra' 1 for 40 hr and transferred 
to nitroceMos^-U) A previously hybridized blot (see B) was washed 
according ta^omas.'ClO) and rehybridixed to a "P-labeled probe con- 
taining theTC,^ exons. This probe waa prepared by isolation of 
an appropriafe'fragment from a Xba I/Hindin digestion of a genomic 
clone of the jii-ch'ain constant region gene segment. The bands corre- - 
spending tc > the ^chain gene-containing fragments generated by BamHl 
digestion of pRSp6 and pR-HLtmp are indicated. The two bands ob- 
served in lane e (11 and 14 kbp) correspond to the functionally rear- 
ranged mtnp gene in the wild-type Sp603 cell line. (B) The same blot 
was hybridized with a 32 P-labeled probe containing the ^-constant re- 
gion gene segment that was isolated from the plasmid pL21-5 (donated 
by R. Wall) (22). The bands at 9.6 kb correspond to the *tnp gene (16). 
The bands at 6.9, 5.9, and 5.4 kbp correspond to rearranged k chain genes 
present in the DNA of the X63Ag8 cell line (23, 24), two of which (5.9 
and 5.4 kbp) were retained in the generation of the original Sp6 hy- 
bridoraa. The 5.4-kbp band corresponds to the functionally rearranged 
X63Ag8 k gene and this band is not observed in the case of igm-10 (lane 
c). Sixes were estimated by comparison to tfindlll-digested A phage DNA. 

The pattern obtained for XR19L4 upon hybridization of the 
same blot with the C„ probe is consistent with the above inter- 
pretation. DNA from this transformant contains a 9. 6-kbp frag- 
ment .corresponding to the wild- type k tnp gene (16) in addition 
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Table 1: Assay of functional IgM 



Hemolysis titer 
on erythrocytes 
coupled with 



Cell line Phenotype Protein A Trflf 



TNP/protein 
A ratio 



SpG03 


IgM, k(TNP) 


2* 




4 












igm-10 


MTNP) 


.<1 


<1 




IR44L1 




2 3 




4 


X63Ag8 


IgGl.ic 


<1 


<I 




XR19L4 




2 a 


<1 


<1:8 


Sp2/0Agl4 


Nolg 


<1 


<1 




SRi.2 




2 4 




4 


SR40.1 




2 




2 


X63Ag8.653 


No Ig 


<1 


<1 




X653R1.1 




t 


21 


4 



As described in the text, the transformants IR44bl| and XR19L4 .were 
derived by introducing the Mtnp S ene alone or the h4nj> and jctnp genes-, 
together into the igm-10 and X63Ag8 cell lines. Similarly, the cell lines 
SR1.2.SR4Q.I, andX653Rl.l were generated by transferring the /jtnp 
+ k tnp vector pR-HLrNp into Sp2/0Agl4 and X63Ag8.£53; The indi- 
cated cell lines were grown to approximately 10 8 cells per ml, and cul- 
ture supernatants were assayed for IgM concentration Gyfiia titer on 
protein A-couplcd erythrocytes) and TNPtspecific hemolysis activity 
(lysis titer on TNP-coupled erythrocytes). Culture supernatants were 
. diluted serially 1 :2 to obtain the end-point dilution (titer) that still caused 
lysis. The ratio of the TNP and the protein A titer a measure of the 
specific activity of the secreted IgM. 



to other fragments that correspond to the k fchain genes en- 
dogenous to the recipient X63Ag8 cell line (23, 24). 

Assay of TgM Function. We have tested tpe normal func- 
tioning of the IgM produced by the transformants by assaying 
its action in complement-dependent lysis qf TNP-coupled 
erythrocytes (Table 1). The IgM concentration in the culture 
supernatants of the indicated cell lines was Measured, by the 
hemolysis of protein A-coupled erythrocytes inj the. presence of 
anti-IgM (7). These results indicate that IgM nSade by IR44L1 
has normal activity with regard to TNP binding and comple- 
ment activation. However, the transformant XR19L4 makes IgM 
that has an activity that is less than l/30th of the normal activity 
in the TNP-dependent.hemolysis assay. X63A&8 still produces 
the myeloma k chain, and this k chain can be iicorpo rated into 
IgM, thus reducing TNP-specific hemolysis actrWty (7). To avoid 
this problem of the nonspecific myeloma k chiin, the /xttmp + 
k-tnp vector pR-HL-rNp was transferred into tpe nonproducer 
cell lines Sp2/0Agl4 (5) and X63Ag8.653 (4)i The IgM pro- 
duced by transformants of these cell lines has! normal activity 
for TNP-specific hemolysis (Table 1). 

DISCUSSION 

We and others have previously reported the depression of Jg 
light chain genes in various cell types (2, 26-29). In this paper 
we have described the construction of plasmidi that bear genes 
for TNP-specific immunoglobulin y. and k chajns. The expres- 
sion of these genes was studied after the transfer of the plas- 
mids into various cell lines derived from Ig-s^creting plasma- 
cytomas or hybridomas. The transfer of these plismids into these 
cells is-usually (see below) sufficient to cause tfte production of 
pentameric I S M(k) that binds antigen (TNP) anil activates com- 
plement-that is, these cell lines (X63Ag8, X43Ag8.653, igm- 
10, and Sp2/0AgH) provide all of the machinery necessary ior 
IgM production except the structural genes for the /x and * 
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chains. The capacity to provide this machinery is present de- 
spite the fact that these cell lines have been propagated for years 
without overt selection for this property. 

-We expect that this system will bevery useful in determining 
.the structural requirements for normal IgM production and 
function. To date, the use of genetics for this purpose has been 
limited to the analysis of naturally occurring mutants that in- 
terfere with normal IgM processing and activity (7, 30). Al- 
though such mutants are useful as- a starting point, in vitro mu- 
tagenesis offers a more rapid and systematic method of obtaining 
altered IgM. Thus, it should be possible to identify the amino 
acids that are critical for complement activation or Fc receptor 
binding. Similarly, one can expect to define the features that 
are necessary for pen tamer formation, glycosylation, and se- 
cretion. 

As is the case with other gene transfer systems, we have found 
that the various transformants produce quite different amounts 
of fi and k chain, ranging from undetectable to approximately 
normal levels. In general, a. linear relationship does not exist 
between the copy number of the transferred sequences and the 
level of Ig gene expression. Studies with transfer vectors pre- 
sumed to be replication incompetent indicate that the trans- 
ferred sequences integrate into different sites in the host chro- 
mosomes, independent of the method of transfer (31-33). 
Therefore, the context of the transferred genes is different from 
normal and different in each recipient. It is not known whether 
it is. the different chromosomal locales that are responsible for 
the variation in the expression of the transferred genes or whether - 
these results reflect a high frequency of mutation associated 
with the introduction of exogenous DNA into mammalian cells 
(34 S 35). 

- The transformants XR19L4 and IR44L1 produce, in addition 
to a 2.4-kb RNA that comigrates with authentic ix t RNA, a 2.7- 
kb RNA. that appears to include the /i m exon. As we have been 
unable to detect a /x m protein, it is possible that the 2.7-kb RNA 
is aberrant in some respect (36-39). In contrast to the heavy 
chain gene results, the transferred. k chain genes in XR19L4 
and in several transformants derived from igk-14 and the fc-r^p 
vector pR-T/cl (ref. 2; unpublished data) produce a single spe- 
cies of RNA that comigrates with authentic Km? RNA. 

We expect that the variations in- the expression of the trans- 
ferred genes will not interfere with the usefulness of this sys- 
tem in producing altered IgM for functional analysis. Further- 
more, we anticipate that modifications of this protocol will allow 
investigation of the mechanisms controlling Ig gene expression. 

Note Added in Proof. Gillies et ol (40) and Neuberger (41) have re- 
cently reported the expression of cloned heavy chain genes in trans- 
formed lymphoid cells. 
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ABSTRACT 

Gen.es for a murine p. heavy chain and a A light chain immunoglobulin 
have been. inserted into bacterial expression plasmids containing the 
Escherichia coli trp promoter and ribosome binding site. Induction of 
transcription from the trp promoter results in accumulation of both light 
and heavy chain polypeptides in appropriate host strains. Both proteins 
were found as insoluble products. Following extraction and purification of 
the immunoglobulin containing fractions, antigen binding activity was' 
recovered. The activity demonstrates essentially the same, properties as the 
antibody from the hybridoma from which the genes were cloned. 

INTRODUCTION 

Immunoglobulin genes and their products represent one of the most, 
extensively studied families of eukaryotic macromolecules . Immunoglobulin 
polypeptides are secreted proteins and are synthesised with an .amino-terminal 
signal peptide which is cleaved to yield the mature protein. The^ express ion 
of immunoglobulin genes in E. coli forms the initial stage in, ^the , prbduction 
of antibodies produced via recombinant DNA techniques. Such antibodies 
would have many uses. For example, detailed studies on antigen-antiiody 
interactions following alterations of the antigen combining site by site 
directed mutagenesis could be carried out, or the Fc regions of -the -molecules 
could be altered for specific uses such as binding to matrices for 
immunopurification. Thus, it is surprising that with the many studies on 
expression of eukaryotic genes in E. coli (1), little has been done on - 
immunoglobulin genes. So far immunoglobulin genes have been expressed in 
modified forms at low levels in E. coli , usually as incomplete amino-terminal 
fusion proteins (2,3,4). In one case, a trpE-IgE fusion has been expressed 
at 10% total E. coli protein (5) . 

Here we describe the bacterial expression of a murine u heavy chain and a 
murine \ light chain immunoglobulin cDNA. The Ig jj. and X genes used in 
these studies are from cDNA clones isolated from the hybridomas Bl-8 and S43 
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(6) , respectively. These hybridomas were raised to the hapten 4-hydroxy-3- 
nitrophenyl acetyl (NP) and produce IgM antibodies which are termed 
heteroclitic, that is binding a related hapten e.g. 4-hydroxy-5-iodp-3 
nitrophenyl acetyl (NIP) more strongly than NP (7) . The n gene was cloned 
from the hybridoma line Bl-8 (8) and the X gene was cloned from the related 
hybridoma S43 (9). However, the sequence of the.X from S43 varied by only 
two amino acids from Bl-8 X sequence, assuming that Bl-8 A has germ-line 
sequence (9) . Both changes were conservative and outside of the 
complementarity determining regions. So in effect, the antibody from Bl-8 
can be used to represent the parental monoclonal antibody. 

The two polypeptides were synthesised in E. coli as native proteins 
lacking eukaryotic signal sequences and presumably possessing amino- 
' terminal methionine residues. High levels of expression were achieved 
using the E. coli K!2 strain E103S or E. coli B but only low levels of 
expression occurred in HB101 (10). Following solubilisation of M- and X 
polypeptides expressed in the same cell or different cells, the protein 
products were purified "arid antigen binding activity recovered. . This 
activity demonstrates essentially the same properties as those found for an 
NP binding IgM hybridoma antibody . 

MATERIALS AND METHODS 

Chemicals and Cloning^ .Procedures 

Materials were -purchased as follows: restriction enzymes ' (Bethesda 
Research Laboratories and New England Biolabs) , T4 DNA polymerase (P-L 
Biochemical s) , DNaseJ.I. (Sigma) , radioisotopes (Amersham) , rabbit anti-mouse 
IgM (Bionetics), rabbit Jan.ti- IgM (Tago) , rabbit anti-X (Miles) , MOPC 104E an 
IgM (|iXi) myeloma protein, (Bionetics) , calf intestinal alkaline phosphatase 
and SI nuclease (Boehringer Mannheim) . Unless otherwise stated cloning 
procedures were as described (10) . 

Oligodeoxyribonucleotides were synthesised by the phosphotriester 
procedures (11) and were: designed to have the sequences; 5'- 
GATCAATGCAGGCTGTTGTG- 3 ' (R45) , and 5 1 - ATTCCTGAGTCACAACAGCC- 3 ' (R44) . 
Bacterial strains and Plasmids 

Plasmids were transformed into E. coli strain HB101 ,. DHly E. coli- B (10) 
and E. coli K12 strain E103S (Dr. Lee Simon, Waksman Institute of 
Microbiology, Piscataway, New Jersey 08854-0759, personal communication), 
and grown in L-broth containing O.lg carbenic.illin per litre. " Plasmids 
pABu-11 (8) and pABXl-15 (9) were a gift from Drs. A.' Bothwell and D. 
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Baltimore. * 'Bl-8 proteins were gifts from Drs. M. Neuberger and T.Imanishi- 
Kari . 

Pulse Chase Analysis 

: For pulse chase analysis inductions were set up as described above, 
except that the medium used consisted of : proline (0.3g/L), leucine (O.lg/L), 
Difco methionine assay medium (5g/L) , glucose (60mg/L) , thiamine (lOmg/L) , 

CaCl- (22mg/L) , MgSO (0 . 25g/L) m and carbenicillin (0 Ig/L) . During 

2 35 
exponential growth cells were pulse labelled with 30 uCi/ml L- [ S] 

•methionine for 2 minutes, after which unlabelled methione (100 u-g/ml) was 

added and the incubation continued for the times indicated. 

Other Methods 

Procedures used for bacterial lysis and fractionation were as described 
(12)', as were procedures for inductions and protein assays (13) . 
Protein Purification 

For further purification of the X light chain, the cell.debxis were 
dissolved in lOmM Tris-HCl pH8 .0 ; 25% f ormamide , 7M urea,. ImM ^f>TA and 2mM 
dithiothreitol . * This' 'material was', loaded onto a DEAE Seph ace 1- column 
(Pharmacia) (1 x 25cm at a" 'flow rate of 5ml/hr) which had been equilibrated 
in 9M urea, lOmM Tris-HCl pH8.0, ImM EDTA and 2mM DTT. . The DEAE Sephacel 
column was developed using a 0-150mM NaCl gradient in loading buffer. The 
eluted peak of X. light ,,chaM corresponding to the major 

peak of protein was diluted- f to- 'a' final concentration of 2.25M urea, lOmM 
Tris-HCl pH8.0, ImM EDTA , ?2mM DTT and. loaded onto an octyl-Sepharose column 
(Pharmacia) (2.5 x " 1-0 cmfiS. ^Materia i was eluted by use of a urea gradient of 
2.25-9M urea. The pea*-'. :ma te rial was poo le d , dia ly se d into ; ammo n ium 
bicarbonate and lyophilised.; . " - . - 

The U heavy . chain was-, purified from 9M urea solubilised pellets by 
anion exchange chromatography.' and chroma to focus sing (Pharmacia) . 
Reconstitution of Activity 

Production of functional- antibodies from E. coli expressing both heavy 
and light chains was achieved by lysing the cells and clarifying the 
supernatant by centrifugation-. - The insoluble material was washed, followed 
by sonication (3 times for 3 minutes) , and finally dissolved in 9M urea, 50mM 
glycine-NaOH pH10.8, ImM EDTA, and 20mM 2-mercaptoethanol . This extract was 
dialysed for 40 hours against 3 changes of 20 vols, of lOOmM KC1, 50mM 
glycine-NaOH pHl0.8, 5% glycerol, 0.05mM EDTA, 0.5mM reduced glutathione 
and O.lmM oxidised glutathione. The dialysate was cleared by centrifugation 
at 30,000g for 15 minutes and loaded directly onto DEAE Sephacel, followed by 
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development with a 0-0. 5M KC1 linear gradient in lOmM Tris-HCl , 0.5mM EDTA, 
pH8.0. 

The purified Ig and X were treated as above , except that no anion 
exchange chromatography was carried out. The preparation was finally 
dialysed into phosphate buffered saline, 5% glycerol, 0.01% sodium azide and 
0.5mM EDTA pH7.4. 



RESULTS 

Construction of Plasmids for Expression of X Light Chain 

We chose to express the X gene in E. coli by direct expression of the 
gene lacking the eukaryotic signal peptide but containing a methionine 
initiator residue at the amino-terminus (met lambda) . The approach used for 
bacterial synthesis of met-X was to reconstruct the gene in vitro from 
restriction fragments of a cDNA clone and to- utilise synthetic DNA fragments 
for insertion into the bacterial plasmid pCT54 (12) (figure 1) . As a 
source of light chain we used the plasmid pABXl-15 which contains a full- 
length X light chain cDNA cloned into the PstI site of pBR322 (9). We 
have previously outlined the construction of plasmids for the expression of X 
light chain (14) . 

A plasmid was isolated (designated pCT54 19-1) and shown to have the 
anticipated sequence except that there was an alteration at the fifth codon 
from GTG. to ATG, changing the amino acid at this point from valine to 
methionine (figure 1). "Valine is an invariant residue at this position in 
mouse X chains^*' . Methionine, however, is the residue most frequently found 
in mouse, k chains at this position (15) . 

As most E. coli mRNAs have 6-11 nucleotides between the Shine-Dalgarno 
(SD) sequence and the AUG (16) the distance in ,pCT54 19-1 was reduced by 
modification at the Clal site. Altering the distance between the SD 
sequence and the ATG has been demonstrated to alter the expression of a 
number of genes (13,14,17-20) presumably by placing the SD and ATG sequences 
in the optimal configuration for formation of the initiation complex. pCT54 
19-1 was cut with Clal and incubated with SI .nuclease. The amount of SI 
nuclease was adjusted so that some DNA molecules would' lose 1-2 extra base 
pairs as a result of 'nibbling* by the enzyme. This DNA on- fe ligation with 
T4 DNA ligase and transformation into E , - coli strain HB101 gave rise to a 
number of plasmids which had lost the Clal site. The nucleotide sequence 
across the modified region of two of these plasmids was determined (figure 1). 
pNP4 and pNP3 were shorter than pCT54 19—1 by. 5 and 4 nucleotides 
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(A) 




(B) 

pCT 54 19-1 ' AAGGGT ATCG ATTGATCA ATG 

PNP3 AAOGGTA TTGATCAATG 

pNP4 '- A^fifiGT TTGATCAAIfi. 



Figure 1 . Construction of- piasmMa * ; £or the direct synthesis of X' light 
chain in E. coli . v.v : '.. ; _ : ' ■ 

Plasmid pATXl-15 contains "the* X; gene inserted into the Hindlll site of 
pAT153. (A) 5* Hinfl - SacI "ffa^ent 1 was isolated by polyacrylamide gel 
electrophoresis.. The 3' fragment 2- of the gene was isolated as a Sac I - 
Hindlll fragment. pCT54 was cut.* with Bell + Hindlll and the X gene 
fragments together with oligodebxyribonucleotides R45 and R44 ligated to 
yield plasmid pCT54 19-1. (B.) Digestion of pCT54 19-1 with Clal and SI 
nuclease produced plasmids pNP3 and-pNP4, with reduced SD-ATG distances, 
E, EcoRI;. H, Hinfl; H3 f Hindlll. 



respectively, giving SD-ATG distances of 9 and 10 nucleotides. Secondary 
structure analysis,' as described (13), revealed no hairpin loop sequestering 
the SD or initiation codon into double-stranded regions. of the raRNA of 
either pCT54 19-1 or the SI derivatives. Such base pairing interactions 
have been' shown drastically to reduce translational efficiency of a number of 
genes, -notably those for phageX cro (17) , fibroblast and leukocyte 
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Figure 2. Accumulation and distribution of X protein from E. coli E103S. 
E103S cells containing pNP3 were grown under inducing conditions and 
. samples .taken throughout the induction cycle. Following electrophoresis, 

gelsawere stained with Coomassie blue (lanes 1-7) or subjected to analysis 
'■'by ..Western blotting (lanes 8-10) using rabbit anti-X serum and iodinated 
-protein A (2uCi/ml) . Lane 1, purified , MOPC104E myeloma protein standard 

indicating the position of authentic X protein; lane 2/ E103S containing- 
• p"NPj3 ( ; after growth to stationary phase in L-broth; lanes 3-5, samples from 
\*E103S containing pNP3 taken at increasing absorbance during induction; lanes 

6 -and 7, respectively, soluble and. insoluble fractions from pNP3 containing 

E : l'03Sj . lane 8, unfractionated extract;" lanes 9 and 10 f ' respectively , 

soluble and insoluble fractions. 

interferons (18), SV40 small-t antigen gene (19) and a murine \i heavy 
chain' ( 13) . 

Expression of X Protein 

HB101. cells containing pNP3 were found to express X light chain as 
determined by immunoprecipitation (14) and Western blot analyses. No such 
protein was evident in extracts from pCT54 19-1, cells containing' pNP4 
which had a SD-ATG distance one base' pair, shorter than that of pNP3 . 
expressed only a very. low level of X light chain (14). 

In the absence of specific immunoprecipitation a novel protein band was 
not visible from extracts of HB101 containing pNP3- nor was the X protein 
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found to accumulate (data not shown),. However, there was a dramatic 
-difference when pNP3 was induced in the K12 strain E103S . ■ In .this strain X 
\ protein was found to accumulate during induction until the cells reached 

stationary phase (figure 2, lanes 3-5) to. a level of about 150 times that 
- found in HB101 as. determined by an EL ISA (enzyme linked immunosorbent assay) . 
These cells were found to contain inclusion bodies which appeared refractile 
under light microscopy, a phenomenon characteristic of high level expression 
of foreign proteins (21) . An estimate of the percentage of total E. coli 
protein represented by recombinant X protein was obtained by separating the 
proteins by gel electrophoresis, staining them with Coomassie blue and 
scanning the stained gel with a Joyce-Loebl chromoscan 3. This method 
showed that X was the major protein present (figure 2, lane 5) and 
represented 13% of total E. coli protein. The X protein had a half-life of 
20 minutes in HB101 (data not shown) but accumulated to very high levels in 
l . E103S., suggesting that ( the lambda protein was much more stable, in the latter 
v' strain. After cell lysis and centrifugation of HB101 or E105s containing- 
r pNP3 , X light chain was detected in the insoluble (figure 2", lanes 7 and 10) 
but not in the soluble fractions (figure 2, lanes 6), as determined by 
Coomassie blue staining. The identity of the major Coomassie blue stained 
band as X protein was confirmed by Western blot analysis (figure 2, lanes 
V >;-§X'10) * T ^ e Presence of such immunoreactive bands was specific to pNP3 
V" containing cells. When extracts from cells containing pCT70 , a prochymosin 

expressing plasmid (12), were subjected to the same analysis, no bands were 
^■p^ddtected (data not shown) . This more sensitive technique showed that a 
t£>small amount of the X protein was in the -soluble fraction (figure 2, lane 9) 
^---jh e presence of a number of distinct immunoreactive proteins all smaller 
>w ^.than , full- length X protein .were also detected. These may result from 
^•--.proteolytic degradation of X protein, from premature termination of 
--^/transcription or from internal initiation of translation. 
• - Expression of \x Protein 

„The construction of plasmids pNPll and pNPl4 for the expression of 

full-length mature u protein under the control of the trp promoter has been 
described (13) . E. coli B cells containing the u expression plasmid pNPll 
were grown under inducing conditions and soluble and insoluble extracts 
prepared, and analysed by SDS-PAGE. A novel band was* seen after staining 
the gel with Coomassie blue in the lane containing proteins from the 
insoluble fraction (figure 3, lane 2). This band was not seen in the 
negative control lane which contained proteins from the same fraction from 
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Figure 3. Expression and distribution of 'u protein from E. coli B. 

E - coli B cells containing pNPl4 were grovm under* inducing conditions. 
Following electrophoresis, gels were stained with Coomassie blue (lanes 1-3) 
or subjected to analysis by Western blotting (lanes 4-8) using rabbit anti- 
IgM serum. Lane 1, molecular weight markers (94, 67, 43, 30 and 20Kd) ; 
lanes 2 and 4, respectively, pNP14 containing insoluble fraction; lanes 3 and ' 
5, pCT70 containing insoluble fraction; lanes 6 and 7, respectively, pNP14 and" 
pCT70 containing^>soluble fractions; lane 8, unf ractionated sample from cells' ' 
containing pNPl^'. • ;! 

cells -harbouring pCT70 (figure 3, lane 3) . The novel band was found to. ; : ~* 
migrate to a position corresponding to a protein of a molecular weight 
within less than 5% of the actual molecular weight of non-glycosylated u of 
62.5Kd. A duplicate set of lanes were transferred to nitrocellulose, and .; - 
Western blotted. Alignment of the stained gel and the blot autoradiogram - " 
confirms that this novel band is antigenically related to igM (figure 3, 
lanes 4 and. 8) . No band was found in extracts from cells containing pCT70 
(figure 3, lanes 5 and 7) . Only a low amount of u was found in the soluble 
fraction (figure 3, lane 6). 

A greatly increased level of expression of u was found in E. coli B 
compared to HB101. Pulse chase analysis demonstrated that in E. coli B, 
a similar level of u protein was detected after a 60 minute chase (figure 
4, lane 3) as was seen after the initial labelling period (figure 4, lane 
1). In HB101, however, very little u protein could be seen after a 10 
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Figure 4. Pulse chase auto radio gram of pNP14 in E. coli B and HB101. 

E. coli B and HB101 cells harbouring pNP14 were grown under inducing 
conditions and pulsed with L- [^S] -methionine for 2 mins . after which 
unlabelled L-methionine was added to 100 ug/ml (zero time) . Cells were 
harvested at varying times, and samples analysed by SDS-PAGE following 
immunoprecipitation. • E. coli B: lane 1, zero time; lane 2, 30 min; lane 3 P 
60 min. Lane 4 is a. zero time sample for pCT70 inHBlOl; HB101 : lane 5, 
zero time; lane 6, 5 min; lane 7, 10 min; lane 8, 30 min,.. 

minute chase (figure 4, lane 7), and none after 30 minutes- (figure 4, lane 
8) , compared to the amount detected after the initial; labelling period 
(figure 4, lane 5) . Induced E. coli B cells harbouring pNP14 when 
examined by phase contrast microscopy were found to contain inclusion bodies. 
Purification of Recombinant 

The presence of X light chain in the insoluble fraction was a useful 
purification step' since it both concentrated the protein and separated it 
from the bulk of E. coli soluble proteins. . . 

For further purification the E. coli insoluble material was solubilised 
in a Tris-HCl buffer containing 25% formamide and 7M urea and loaded onto a 
DEAE Sephacel column which had been preequilibrated in the same 'buffer with 
9M urea, but without formamide. The bound material was eluted using a 
0-150mM NaCl gradient in the urea buffer. The X protein was the major 
eluted peak as .determined by gel electrophoresis and ELISA. The X protein 
was' diluted to a final concentration of 2.25 urea and loaded onto an octyl- 
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Sepharose column. The X protein bound and was eluted by using a 2.25-9M 
urea gradient. Following this step, only a single band of Coomassie blue, 
stainable material corresponding to recombinant X protein was visualised by 
SDS-PAGE (data not shown) . 

Expression of u and X Polypeptides in the same cell 

Each of the Ig u and X genes in expression plasmids were transformed 
into the same E. coli cell to direct the synthesis of both Ig u and X 
polypeptides. In order to overcome plasmid incompatibility and provide a 
second antibiotic resistance marker, the trp promoter and 'X sequences were 
excised from pNP3 on a Hindlll-Bam HI fragment and inserted into the 
Hindlll-Bam HI fragment of pACYC184 (10) to create pACYCX . HB101 cells 
containing this plasmid were found to grow very poorly. This weak growth 
was thought to result from read through of RNA polymerase into the origin of 
replication, and inhibition of growth was virtually eliminated, by inserting 
the bacteriophage T7 early transcriptional terminator (22) at the Hindlll 
site of pACYCX. The resultant plasmid. pACX T7-1 has a chloramphenicol 
resistance gene and an origin compatible . with the pBR322-derived origin 
on pNP14, the Ig \x expressing plasmid. Transformation of both plasmids 
into the same E. coli B cell was achieved in two steps, firstly pNPl4 was 
introduced, and then pACX T7-1, in two separate transformations to give 
ampicillin and chloramphenicol resistant clones. 

E. coli B cells derived from double -trans formant clones showed the 

presence of inclusion bodies and two novel polypeptide bands on* stained gels 

/' ' 
of the insoluble fraction after lysis. These two bands correlated both 

/ ' 

with immunological activity by Western blotting for Ig u and X and their 
'expected molecular weights of 63,500 and 25,000 daltons respectively (data 
not shown) / Stability of the plasmids was also investigated and' it was 
found that after 36 hours in .shake flasks only 5% of the E. coli contained 
both antibiotic resistance markers, although 35% were carbenicillin 
resistance and 74% were chloramphenicol resistant. This illustrates the 
selective pressure against both plasmids together. 
Reconstitution of Antigen Binding 

It was of great interest to determine whether the concomitant 
expression of p. and X would lead to the formation of functional- IgM, In 
order to determine this extracts were made from E. coli containing both 
Ig u and X polypeptides and these tested for antigen binding. We used a 
two-site sandwich ELISA which detects u. chain binding to haptenalated 
bovine serum albumin (NIP-caproate-BSA) This assay demonstrates' 
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Figure 5. Purification of reconstituted antibodies. 

Fractions from DEAE Sephacel anion exchange chromatography of E. coli B 
expressed Ig u and X. Analysis shows level of Ig \i expressed as Bl-8 IgM 
equivalents; NIP-cap-BSA and BSA binding activities from ELISA-s; total 
protein determined by A280nm readings (1.5 A280=mg/ml) . 

sensitivity to 60 pg of Bl-8 IgM. The extracts were prepared/as soluble 
and insoluble material. The insoluble material was solubilized in the 
same buffer used in lysis but containing 8M urea followed by its dilution 
for assay. However, no antigen binding activity was detected. 

In order to obtain activity for the Ig jj. and A; extracts were made of 
the insoluble fraction and these dialysed into buffer conditions in which 
disulphide interchange will occur at a higher frequency..;. The results from 
assays of material processed in this way indicated that some activity was 
obtained. The level of activity obtained in this way- was- too -low to do 
any detailed studies on, so the resultant dialy sate; was pu'rif ied:~by anion 
exchange chromatography (figure 5) . This process resulted, in the isolation 
of significant NIP-cap-BSA binding activity over that of background binding 
to BSA (figure 5) . The assay of the fractions for the level of Ig U-, 
expressed as Bl-8 IgM equivalents demonstrated two peaks ^of activity. This 
was not found to correlate with full length Ig M- by Western blotting (data 
not shown) . The first peak observed may represent a fragment of Ig n. 
The separation of NIP-cap-BSA binding activity from the majority of full 
length Ig u and protein indicates that the hapten binding activity is 
contained within a particular molecular species formed at low efficiency. 

The processing of insoluble material obtained from Ig M- expression in 
E. coli produced a similar IgM protein profile but without NIP-cap-BSA 
binding activity. This demonstrates that the activity recovered was a 
property of the combined immunoglobulin expression, not of some E. coli 
factor, or of the Ig u heavy chain alone. 
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Figure 6. Specific hapten binding of reconstituted antibodies. 

NIP-cap-BSA binding activity from fraction 26 (A), purified Ig u and X 
(□) and Bl-8 (0) ; . ; - Binding in the presence of the 30uM- NIP-cap . { A,m,m 
respectively) . 

Further studies of the characteristics of the hapten (NIP-cap-BSA) 
binding were carried out. The reduction of hapten binding activity on 
dilution of re nature d \i and X expressed and purified together -was less than 
that found for either Bl-8 IgM or purified u and X expressed separately 
(figure 6) . dilution curves for Bl-8 antibody, and separately expressed 

u and X were virtually identical . Free hapten was found to inhibit most of 
the binding activity ~in both undiluted and diluted samples. Using Bl-8 
antibody as a standard for both IgM and hapten binding, the specific - 
activity of the assembled antibody was calculated to be 1.4 x 10 4 gm/gm of 
IgM equivalents. This value demonstrates the inefficient recovery of 
activity, but possibly represents an underestimate of the specific activity 
due to an overestimate of full-length Ig u in these fractions, as described 
above . 

Heteroclitic Nature of Recombined Antibody 

Detailed specificity of binding to NIP-cap-BSA was investigated by 
comparing the assembled antibodies with Bl-8 IgM in the presence of free 
NIP-cap and NP-cap (figure 7) . Both Bl-8 IgM and the assembled,, antibodies 
showed that higher NP-cap than NIP-cap concentrations were required to 
inhibit NIP-cap-BSA binding. 
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Figure 7 Heteroclitic binding of reconstituted antibody. 

Binding of antibodies to NIP-cap-BSA; Bl-8 IgM ( ■ ) , fraction 26 ( A ) , 
purified Ig n and X (•), in the presence of free NIP-cap (-— ) or NP-cap (-) 



The heteroclitic nature is demonstrated by the molar ratio/ of NIP to 
NP at 50% inhibition. The concentrations of NIP and NP at 50% inhibition 
(150) were found "to be similar for both Bl-8 and the assembled antibodies 
(Table 1). Also the specificity ratios (NP I50/NIP 150) were. similar 
(Table 1) o 

The specificity ratios for the n and X expressed together were somewhat 
lower than those found for Bl-8 igM-.-or.'fseparately expressed u and X which 
were both very similar (Table 1) . .-..this is due to the identical 
concentrations of NP but the greater .concentrations of NIP required to 
inhibit binding of |i and X expressed;,tpgether compared with Bl-8 IgM. 
Although the specificity ratios for' iSl-8 •IgM and separately expressed u and 
X are very similar, lower concentrations, of NIP and NP are required for 
inhibition of separately expressed ,\x r ahd ^" compared to Bl-8 IgM. 

Table 1. Hapten concentration at 50% inhibition (150) of binding of 







NIP 150 tiM 




NP 150 J-LM 




NP 150 
NIP 150 














Bl-8 IgM 




0.13 (SD, 0 


.05) 


3.7 (SD> 2 


.9) 


29 


Fraction 


26 


0.34 (SD, 0 


.09) 


1.9 (SD, 0 


.4) 


6 


Fraction 


27 and 28 


0.11 (SD, 0 


.02) 


1.1 (SD, 0 


.3) 


10 


Purified 


U and . X 


0.04 




0.84 




22 



SD = Standard Deviation. 



3803 



) 



THIS PAGE BLAMK (usfto) 



Nucleic Acids Research 



DISCUSSION 

Low level expression of X and u polypeptides was demonstrated in 
E. coli HB101. A greater level of expression of X was found in strains 
E103S and E. coli B (J. Schoemaker, personal communication) and represented 
13% total E. coli protein. A higher u concentration was also found in 
E. coli B than HB101 cells containing pNPl4 and was equivalent to 1% total 
E. coli protein. These' differences in steady-state levels of the u and X 
proteins produced is most likely to result from different levels of protein 
stability. X protein had a half 7 life of 20 minutes in HB101 but was stable 
and accumulated in E103S. ' Similarly the pulse chase data shows that u is 
more stable in E. coli B than HB101. This increased stability in E. coli B 
may be explained by the formation of inclusions, perhaps compartmentalizing u 
away from proteases. E, coli B is known to be deficient in Ion protease 
(23,24), so that the absence of this protease either acting upon u, or being 
responsible for activating other proteases that act on u, may be the major 
factor resulting in accumulation in E. coli B. 

Both u and X proteins were expressed on compatible plasmids in 'the, same 
cells. This expression of two different polypeptides necessary for the . 
formation of a higher eukaryotic raulti-subunit protein in E. coli represents 
the first of its kind. Thus it was of great interest to see if "this 
concomitant expression of Ig p and X would lead to the formation of complete 
and functional IgM. No functional antibody was ■ found following 
solubilisation of insoluble material. This indicated that the ig' jx 'ahd" X* 
were not covalentxy interacting in the insoluble material in a "spec Tf ic _ way 
and that the inclusions represented non-active protein. ' The lack" or" ~" ; 
activity correlated with insignificant amounts of Ig u or X in tne^soluibie" ~ 
fraction, However, only a low percentage of cells were found to" contain 
both plasmids after 36 hours induction. Thus the failure to find active^ 
(and presumably soluble) antibodies in vivo might simply be a reflection of 
the possibility that both polypeptides were not expressed at high levels in. 
the same cells, and only a low percentage of cells contained both plasmids 
anyway. 

Functional antibody activity, as defined by antigen binding, was 
obtained following dialysis of extracts in conditions in which disulphide 
interchange occurs. Significant antigen binding activity was recovered, 
which was abolished by competition with free hapten in a binding assay. 
Serial dilution of samples revealed a similar gradient in the reduction of 
binding compared to the monoclonal Bl-8.. The bacterially synthesised 
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antibody also demonstrated higher affinity binding to the related hapten 
NIP in a manner similar to that of the Bl-8 antibody. . Recovery of 
functional activity was not dependent on coexpression of the p. and X 
polypeptide chains since results from purified u. and X expressed from 
different cells showed similar results. Functional activity was, however, 
dependent on association between heavy and light chain polypeptides, since 
folding the u heavy chain in the absence of X light chain produced no 
antigen binding molecules. 

Although the overall efficiency of production of functional antibodies 
was low, those molecules which did assemble, demonstrated activity in a way 
very similar to the hybridoma synthesised molecules. It is unclear why 
the efficiency of assembly was low, but was possibly due to the large 
number of disulphide bridges needed to assemble an IgM molecule. The 
heavy and light chain polypeptides were completely unfolded before assembly 
and so the intra-domain disulphide bridges as well as the inter-chain 
disulphide bridges need to be made correctly. Classically, when 
immunoglobulin heavy and light chains, are, separated and reassembled, only 
the inter-chain disulphide bridges are -reduced and these molecules refold 
with high efficiency (25,26). The " : condit ions used in our experiments for 
the formation of disulphide bridges were probably adequate, since the 
bacterially synthesised X light chain when folded under such conditions led 
to the appearance of a discrete lower- molecular weight species, as expected, 
for accurately folded and oxidised^X-^ight' chain , which comigrated with 
oxidised X protein from Bl-8 (data: "not "shown).. 

These results indicate that no n^gly cosy late d immunoglobulin molecules 
produced in E. coli can be used for studies concerning antigen-binding. 
It is now- possible to investigate the< effects on antibody-antigen 
interactions following mutation of* specific' amino- acids of. the antibody by 
site-directed mutagenesis and expression'-' of the polypeptides in E. coli . 
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Secretion of functional antibody and Fab fragment from yeast cells 

(Saccharomyces cerevisiae/ chimeric antibody /yeast signal sequence/tumor antigen binding/effector functions) 

Arnold H. Horwitz*1\ C. Paul Chang*, Marc Better*, Karl Erik Hellstrom*, 
and Randy R. Robinson* 

♦International Genetic Engineering, Inc., 1545 17th Street, Santa Monica, CA 90404; and *Oncogen, 3005 First Avenue, Seattle, WA 98121 
Communicated by M. Frederick Hawthorne, August 11, 1988 



ABSTRACT We have constructed yeast strains that se- 
crete functional mouse-human chimeric antibody and its Fab 
fragment into the culture medium. For chimeric whole anti- 
body, cDNA copies of the chimeric light-chain and heavy-chain 
genes of an anti-tumor antibody were inserted into vectors 
containing the yeast phosphoglycerate kinase promoter, inver- 
tase signal sequence, and phosphoglycerate kinase polyaden- 
ylylation signal. Simultaneous expression of these genes in yeast 
resulted in secretion of properly folded and assembled chimeric 
antibody that bound to target cancer cells. Yeast chimeric 
antibody exhibited antibody-dependent cellular cytotoxicity 
activity but not complement-dependent cytotoxicity activity. 
For production of Fab fragments, a truncated heavy-chain (Fd) 
gene was created by introducing a stop codon near the codon 
for the amino acid at which papain digestion occurs. Simulta- 
neous expression of the resulting chimeric Fd and light-chain 
genes in yeast resulted in secretion of properly folded and 
assembled Fab fragment that bound to. target cancer cells. 



While a number of single-chain heterologous proteins have 
been secreted from yeast (1-7), the secretion of foreign 
multimeric or heterodimeric proteins has not been reported. 
Of the latter two groups, antibody molecules or the protein 
fragments that contain their antigen-binding domains, Fab 
and F(ab') 2 (Fig. 1), are particularly important for a wide 
variety of applications, including detection and treatment of 
human disease (8, 9), in vitro diagnostic tests (10), and affinity 
purification methods (11). Chimeric antibodies that consist of 
mouse variable (V) regions fused to human constant (C) 
regions may be especially valuable for human therapeutic or 
in vivo diagnostic uses, since they are potentially less 
immunogenic in humans than are mouse antibodies. 

We have described (12) the development of a cDNA 
cloning strategy for the construction and expression of 
chimeric antibodies. In this approach, cDNAs coding for the 
mouse V regions are fused at the immunoglobulin joining (J) 
region to cDNAs coding for human IgGl C regions. The 
cDNA approach for chimeric antibody construction provides 
an ideal starting point for expression of these genes in 
microbial systems that either do not undertake mRNA 
splicing or do so only rarely. In this paper, we describe the 
secretion from yeast of chimeric antibody and Fab protein. 
The yeast-secreted molecules (both whole antibody and Fab) 
bind to target cells as well as their lymphoid cell-derived 
counterparts. In addition, yeast-derived whole antibody has 
the same antibody-dependent cellular cytotoxicity (ADCC) 
activity observed with lymphoid cell-derived whole chimeric 
antibody but lacks the complement-dependent cytotoxicity 
(CDC) activity shown by the lymphoid cell-derived antibody. 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" 
in accordance with 18 U.S.C. §1734 solely to indicate this fact. 
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Fig. .1. (A) Structure of mouse-human chimeric IgGl. The 
locations of papain and pepsin cleavage sites and the structures of 
F(ab) and F(ab') 2 resulting from digestion with these enzymes are 
shown. The "locations of N-linked glycosylation and a stop codon 
introduced by.site-directed mutagenesis are also shown. V, variable; 
C, constant; H, heavy; L, light. (B) Site of in vitro mutagenesis and 
DNA sequence of the mutagenesis primer used to place a stop codon 
and Bcl I site.in the sequence encoding the hinge region of human yl 
heavy chain. The Bcl I site was converted to Xho I by digestion with 
Bcl I followed by treatment with phage T4 DNA polymerase and 
ligation with Xho I linkers. The stop codon was unaffected by this 
treatment. Arrows indicate interchain disulfide bonds with light 
chain (LC) and heavy chain (HQ. 

MATERIALS AND METHODS 

Strains and Media. Escherichia coli strain MC1061 (13) was 
used as a host for plasmids. E. coli strain 71.18 (14) was used 
as a host for bacteriophage M13. Saccharomyces cerevisiae 
strain BB331C (MA7a ura3 leu2) was used as a host for yeast 
transformations performed as described by Ito et al. (15). E. 
coli was grown in TYE broth (1.5% Tryptone/1.0% yeast 
extract/0.5% NaCl) or agar (1.5% Bacto) supplemented, as 



Abbreviations: PGK, phosphoglycerate kinase; ADCC, antibody- 
dependent cellular cytotoxicity; CDC, complement-dependent cy- 
totoxicity; C, constant; V, variable. 
'To whom reprint requests should be addressed. 
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needed, with ampicillin (50 fig/ ml). Yeast transformants 
were selected on SD agar (2% glucose/0.67% yeast nitrogen 
base/2% agar) and grown in SD broth buffered with 50 mM 
podium succinate (pH 5.5). 

In Vitro Mutagenesis. Site-directed in vitro mutagenesis to 
place restriction sites at yeast or mammalian signal-sequence 
processing sites and a stop codon in the heavy-chain hinge 
region was performed as described by Kramer et ai. (14). 
Phage plaques containing the desired mutation were identi- 
fied by plaque-fiiter hybridization with 32 P-labeled primer. 

Enzyme-Linked Immunosorbent Assay (ELISA). Light 
chain was detected by double-antibody sandwich ELISA (16) 
using goat anti-human k antiserum as the coating antibody 
and peroxidase-labeled goat anti-human k antiserum for 
quantitation of bound k protein. Heavy chain was detected 
similarly with goat anti-human y antisera with and without 
peroxidase label. Association of k light chains and y heavy 
chains was detected with goat anti-human k antiserum as 
coating antibody and peroxidase-labeled goat anti-human y 
antiserum as the second antibody. 

Isolation of Chimeric Whole Antibody and Chimeric Fab 
from Yeast. Whole antibody was purified from the culture 
supernatant of a 10-liter fermentation as follows. The culture 
supernatant was concentrated by ultrafiltration (DC10 ultra- 
filtration system with spiral cartridge, 30-kDa size cutoff; 
Amicon), filtered through a 6.45-^im filter, and concentrated 
over a YM30 filter (Amicon) to 250 ml. Antibody protein was 
purified from the concentrated supernatant by protein A- 
Sepharose chromatography (11). Analysis of this protein by v 
nonreducing polyacrylamide gel electrophoresis followed-by 
Coomassie blue staining and immunoblotting with^anti- . 
human k antiserum (Sigma) as probe revealed a whole 
immunoglobulin-size protein band against a background 
smear. The protein in this band was- purified by HPLC on an 
\B X (5-/im particle size) column (Baker), with elution by a 
inear gradient of 10-125 mM potassium phosphate (pH 6.8). 

Fab protein was purified from 1 liter of culture supernatant 
by concentrating over an Amicon YM30 filter, washing with . 
130 ml of 10 mM potassium phosphate at pH 7.5. (buffer Aj, - 
and reconcentrating to 12.5 ml. The supernatant was diluted 
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to 54 ml with buffer A and loaded onto a 1.5-ml S-Sepharose 
column, washed with 20 ml of buffer A, and eluted with a 
40-ml linear gradient of 0-200 mM NaCl in buffer A. 

Fab protein prepared by papain digestion (11) of 3*mg of 
whole L6 mouse antibody or chimeric antibody was purified 
on a 25-ml S-Sepharose column by elution with an 80-ml 
linear gradient of 0-120 mM NaCl prepared in 10 mM sodium 
phosphate (pH 7.5). The Fab protein was eluted at 60 mM 
NaCl and was free of Fc protein. 

Functional Tests of Chimeric Antibody and Fab from Yeast. 
The following tests were used to assess function: (/) direct 
binding of whole antibody or Fab to target cells that are 
positive or negative for the L6 antigen; (//) competition 
inhibition of binding of L6 mouse antibody to antigen-positive 
cells; (Hi) ADCC and CDC assays with whole antibody. The 
binding assays were performed with a Coulter model EPIC-C 
cell sorter (17). ADCC and CDC assays were performed with 
51 Cr-labeled target cells (18, 19) that were exposed to- the 
antibodies and peripheral blood leukocytes or human serum 
over a period of 4 hr. 

RESULTS 

Construction of Yeast Expression Plasmids Containing An- 
tibody Genes. To facilitate light- and heavy-chain secretion 
from yeast, the gene sequences encoding the mature forms of 
the light and heavy chains of a chimeric anti-tumor antibody 
(L6, ref. 12) were fused to the yeast invertase signal sequence 
(20) and placed under the control of the phosphoglycerate 
kinase (PGK) gene promoter (21). These fusions were then 
cloned into yeast expression vectors containing the PGK 
poiyadenylylation signal (21) to generate pING1441 (light 
chain, leal) and pING1442 (heavy chain, ura3) (Fig. 2A). 

The Fd portion of heavy chain consists of the V region and 
the C H1 domain (Fig. 1) and is generated by digestion of 
whole antibody with papain (11). To enable yeast to synthe- 
size Fd protein, a stop codon was introduced by site-directed 
mutagenesis of the chimeric heavy-chain gene so that trans- 
lation would terminate in the hinge region, near the papain 
recognition site (Fig. IB). A Bel I site was introduced along 
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Fic. 2. Structure of yeast immunoglobulin expression plasmids. The fusions of the gene sequences encoding the mature forms of light and 
heavy chain to the yeast invertase signal sequence and PGK promoter were accomplished by first introducing by in vitro mutagenesis a unique 
restnetron site at the signal-sequence processing sites for both the invertase signal sequence (Pst I) and the light (Aat II) and heavy (Sst I) chain 
genes. These sites were positioned such that a blunt-ended ligation of restriction enzyme-digested, T4 DNA polymerase-treated DNAs resulted 
min-phase translation^ fusions of the 5' end of the mature immunoglobulin chains with the 3' end of the yeast invertase signal sequence. (A) 
The light-chain expression plasmid, a plNG1441, was constructed by cloning a Bgl \\-Xho I fragment containing the light-chain gene into a yeast 
expression vector, pING804CVS (provided by J.-H. Lee, International Genetic Engineering). pING1441 contains the complete plasmid 
U M); the chimeric light-chain gene (V and C. regions) fused to the PGK promoter (P), invertase signal sequence (S), and PGK transcription 
termination and poiyadenylylation signals (T); and the leu2 gene as the yeast selective marker. The heavy-chain expression plasmid, pING1442, 
*"as constructed by cloning a BamHl-Xho I fragment containing the heavy-chain gene into a yeast expression vector, pING1150. pING1442 
r >ntains the yeast origin of replication (on JO and a cis-acting stabilization sequence (Rep3) from yeast 2-/im plasmid; the chimeric heavy-chain 
ene (V-region and C-region domains C H1 , C H2 , and C H3 ) fused to the PGK promoter, invertase signal sequence, and PGK transcription 
termination and poiyadenylylation signals; and the ura3 gene as the yeast selective marker. (B) The Fd-chain expression plasmid, pING1445, 
is identical to the heavy-chain expression plasmid, pING1442, with the exception that the Apa l-Xho I restriction fragment in pING1442 encoding 
^hi» C H2 , and C H3 has been replaced with a fragment encoding only C HI . 
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with the stop codon. Following conversion of the Bel I site to 
Xho I, the Apa l-Xho I C H -region fragment of pING1442 (Fig. 
1A) was replaced with an Apa l-Xho I C H1 fragment con- 
taining the stop codon in the hinge region to generate 
pING1445 (Fig. IB). 

Secretion of Whole Chimeric Antibody from Yeast. The 
plasmids pING1441 and pING1442 were cotransformed into 
S. cerevisiae strain BB331C by selection for Ura + Leu + 
colonies. Ten transformants were grown for 3 days in 5 ml of 
SD broth and the culture supernatants were analyzed by 
ELISA for the levels of light chain, heavy chain, and 
associated light and heavy chains. The culture supernatants 
of two transformants (nos. 1 and 5) contained light chain at 
*=100 ng/ml and heavy chain at 50-80 ng/ml, and 50-70% of 
the heavy chain was associated with light chain. These 
proteins were concentrated on a Centricon 30 filter (Amicon), 
electrophoresed in a NaDodS0 4 /7% polyacrylamide gel 
under nonreducing conditions, and transferred to nitrocellu- 
lose. K-crossreactive protein was detected with goat anti- 
human k antiserum followed by peroxidase-labeled rabbit 
anti-goat antiserum. A faint, but distinct, band that comi- 
grated with purified chimeric L6 antibody produced by Sp2/0 
cells was observed in the lanes containing both supernatants 
(data not shown). These results suggested that the yeast 
transformants were synthesizing and secreting a fully assem- 
bled chimeric antibody that was very similar to lymphoid 
cell-derived antibody. 

To prepare sufficient quantities of yeast-derived antibody 
for detailed characterization of structure and function, trans- 
formant no. 5 was grown in a 10-liter fermentor for 58 hr. 
Whole antibody was purified from this culture medium as 
described in Materials and Methods. ELISA analysis of 
column fractions from HPLC (AB X 5-ftm) revealed a heavy 
(y) and light (k) chain-crossreactive peak corresponding to a 
distinct peak. Analysis of these fractions by nonreducing 
NaDodS0 4 /polyacrylamide gel electrophoresis revealed a 
protein that comigrated with L6 chimeric antibody purified 
from Sp2/0 cells (Fig. 3). Under reducing conditions, the 
protein in these fractions was resolved into a light-chain 
band, which comigrated with the light chain of L6 chimeric 
antibody from Sp2/0 ceils, and two heavy chain bands, which 
migrated near the heavy chain from Sp2/0 cells (Fig. 3). This 
purified preparation of yeast-produced chimeric, antibody 
was used in further binding and function assays. 

Secretion of Chimeric Fab from Yeast. The plasmids 
pING1441 (Fig. 2A) and pING1445 (Fig. IB) were cotrans- 
formed into S. /cerevisiae BB331C and the transformants 
were grown in broth under selective conditions as described 
above. The culture supernatants were assayed by ELISA and 
were found to contains light chain at 100-200 ng/ml. To 
determine whether the cells secreted a Fab-size protein, the 
culture supernatants were concentrated with Centricon 30 
filters, electrophoresed in a nonreducing NaDodSO 4 /10% 
polyacrylamide gel, and electrophoretically transferred to 
nitrocellulose paper. Light chain-crossreactive protein was 
detected with goat anti-human k antiserum followed by 
peroxidase-labeled rabbit anti-goat antiserum. One of the five 
transformants secreted a distinct K-crossreactive band, 
which migrated at the expected position for Fab protein (data 
not shown). 

The yeast strain that secreted the Fab-size protein was 
grown in 1 liter of SD broth for 4 days at 30°C and Fab protein 
was purified from the culture supernatant. Nonreducing 
NaDodS0 4 /polyacrylamide gel analysis of pooled S-Seph- 
arose column fractions containing anti-human K-crossre- 
active protein revealed a 46-kDa protein, comigrating with 
chimeric Fab prepared by papain digestion of Sp2/0 cell- 
derived chimeric whole antibody (Fig. 4). Electrophoresis 
under reducing conditions resolved this protein into two 
bands that migrated at 23 and 25 kDa (Fig. 4). The 23-kDa 
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Fig.^3.- Silver-stained NaDodS0 4 /polyacrylamide gels showing 
purified chimeric antibody secreted by yeast. (A) Nonreducing 1% 
gel. (B) Reducing 10% gel. Intensely stained band at 68 kDa on both 
gels is bovine serum albumin (BSA), which was present as a carrier 
protein? Size'marker (lanes SM) molecular masses (in kDa at right) 
antf-rele^ (lanes Y) and Sp2/0-derived (lanes S) 

antiboaVbands [Ab on nonreducing gel; HC (heavy chain) and LC 
(light cham^on reducing gel] are identified. 

band-:was .identified as light chain by its reactivity , on an 
imrritfSpblot with anti-human k antiserum. These results were 
consistent; with-the predicted molecular masses, based 'bn 
nucleotide sequence, for fully processed L6 chimeric light 
chaTn ; (23:3 kDa) and Fd chain (24.8 kDa). 

Binding Characteristics of Chimeric Whole Antibody and 
Fab Protein Secreted by Yeast. The purification from yeast 
culture: supernatants of protein of the expected size of whole 
antibody and; Fab suggested that the yeast transformants 
were secreting "correctly folded, functional molecules. This 
hypothesis was confirmed by performing direct and compe- 
tition binding assays with a human colon carcinoma cell line 
(line G-3347) that expresses 5 x 10 5 molecules of the L6 
tumor antigen per cell (17). In the direct binding assay, both 
whole antibody and Fab from yeast bound to the target 
cancer cells but not to a control ceil line that lacked the L6 
antigen (data not shown). In the competition assay using 
mouse L6 antibody, 50% binding inhibition was observed at 
- the same concentration (2 ^g/ml) for both yeast-derived and 
Sp2/0 cell-derived whole chimeric antibody (Fig. 5). In the 
same assay, the : yeast-derived L6 chimeric Fab behaved 
identically to both Sp2/0 cell-derived chimeric and mouse 
Fab proteins prepared by papain digestion (Fig. 5). Fifty 
percent inhibition of mouse L6 antibody was achieved by the 
yeast-derived Fab at 7 ^tg/ml. 

Chimeric Whole Antibody from Yeast Mediates ADCC but 
Not CDC. Two additional tests for function were performed 
with chimeric whole antibody from yeast: (0 mediation of 
ADCC in the presence of human peripheral blood leukocytes 
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Fig. 4. Coomassie blue-stained gel comparing purified chimeric 
Fab protein secreted by yeast (lanes Y) with chimeric (lanes C) and 
mouse (lanes M) Fab fragments produced by papain digestion of 
intact antibody. (A) Nonreducing 10% gel. (B) Reducing 12% gel. 
Size marker molecular masses (kDa) and relevant bands are shown. 
LC, light chain. 

and (ii) mediation of tumor-cell lysis in the presence of human 
complement. ADCC activity of yeast-derived chimeric L6 anti- 
body was slightly higher than that of Sp2/6 cell-derived chimeric 
anubody, and the ADCC activities of both chimeric antibodies 
were higher than that of the mouse. L6 antibody (Table 1). 
Yeast-derived L6 chimeric antibody failed to mediate CDC, even 
•at the highest antibody concentration, whereas Sp2/0 cell-de- 




Concentration (ug/ml) 

Fig. 5. Comparison in antibody-competition binding assays 
between whole chimeric L6 antibody (IgG) derived from yeast and 
Sp2/0 cells, chimeric L6 Fab derived from yeast or prepared by 
papain digestion of whole chimeric antibody isolated from Sp2/0 
cells and mouse Fab prepared by papain digestion of L6 antibody. 
C-3347 colon carcinoma cells were incubated with various concen- 
trations of unlabeled blocking antibodies before addition of fluores- 
cein isothiocyanate-conjugated mouse L6 antibody (3 jtg/ml). Inhi- 
bition was measured by flow cytofluorimetry. 
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Table 1. ADCC analysis 



Antibody 


Cone . , 
jig/ml 


% cvto!vsi<i 

/V \rj lift JT 


Standard mouse L6 


5.0 


42 




1.0 


48 


Sp2/0 chimeric L6 


1.0 


96 




0.1 


71 




0.01 


54 




0.001 


37 


Yeast chimeric L6 


1.0 


114 




0.1 


108 




0.01 


76 




0.001 


60 


None 


0 


23 



The colon carcinoma target cells (line C-3347) were labeled with 
3l Cr and exposed for 4 hr to a combination of monoclonal antibody 
and human peripheral blood leukocytes (100 per target cell), and the 
release of 51 Cr was measured subsequently. The release of 51 Cr (after 
corrections of values for spontaneous release from untreated cells) is 
a measure of cytolysis. 

rived chimeric L6 antibody and mouse L6 anubody exhibited the 
expected cytolytic activity (Table 2). 

DISCUSSION 

We have engineered the yeast 5. cerevisiae to secrete 
functional mouse-human chimeric antibody and Fab protein 
into the culture medium. This was accomplished by simul- 
taneous expression of the mature light-chain gene and the 
heavy-chain gene or a truncated heavy-chain (Fd) gene fused 
to the yeast invertase signal sequence and the PGK promoter 
and polyadenylylation signal. Several lines of evidence sup- 
port the thesis that these proteins are correctly folded. (0 
Proteins of the expected size for whole antibody and Fab 
were purified from the culture supernatants of yeast cells 
expressing the chimeric light- and heavy- or Fd-chain genes 
(Figs. 3 and 4). (ii) The whole antibody and Fab from yeast 
behaved indistinguishably from their lymphoid cell-derived 
counterparts in both direct and competition binding assays 
(Fig. 5). (hi) The chimeric whole antibody from yeast exhib- 
ited the same ADCC activity as the chimeric antibody from 
Sp2/0 cells (Table 1). 

There have been a number of reports of secretion from 
yeast of heterologous proteins fused to yeast signal se- 
quences (2, 4, 5, 7). All of the proteins in these examples were 
composed of a single polypeptide chain. Although there is 
one example of functional mouse antibody (IgM) production 
in yeast, the antibody in this case was found only intracel- 
lularly in vacuoles; only unassociated light and heavy chains 
were detected in the culture supernatant (22). 



Table 2. CDC analysis 



Antibody 


Cone, 
MgMl 


Complement* 


* % cytolysis* 


Standard mouse L6 


5 


+ 


122 




1 


+ 


53 




5 




1 


Sp2/0 chimeric L6 


5 


+ 


73 


1 


+ 


22 




0.1 


+ 


5 




5 




2 


Yeast chimeric L6 


5 


+ 


3 




1 




1 




0.1 


+ 


4 



♦Human serum from a healthy subject was used as the source of 
complement. 

t n Cr-labeled C-3347 cells were exposed to human complement and 
antibody. CDC was measured by a 4-hr M Cr-release assay. 
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The chimeric whole antibody from yeast mediated ADCC 
in an identical fashion to Sp2/0 cell-derived chimeric anti- 
body (Table 1). These results suggest that the yeast-derived 
antibody is equivalent to the lymphoid cell-derived antibody 
in interacting with Fc receptors on killer cells and activating 
them to mediate ADCC. Interestingly, the chimeric mouse- 
human antibody from either lymphoid cells or yeast was more 
efficient at ADCC than was the mouse antibody. Thus, the 
Fc-receptor interaction involved in ADCC appears to be 
primarily determined by the amino acid sequence of the Fc 
portion of the antibody and is probably not affected by the 
altered glycosylation patterns expected for yeast-derived 
antibody. This conclusion is consistent with the observation 
that binding of Fc receptor type I by IgG, which may play a 
central role in ADCC (23), occurs in the region linking the 
C H2 domain to the hinge (24). This region of the protein is an 
exposed, flexible strand (24) and is well removed from the site 
of N-linked glycosylation (25). 

An intriguing result is that the yeast-derived antibody lacks 
the ability to activate complement to lyse target cells (Table 
2). This may reflect differences in the glycosylation patterns 
of the yeast-derived and Sp2/0 cell-derived chimeric anti- 
bodies. Several observations support this hypothesis. Bind- 
ing of complement component Clq, which initiates CDC, 
occurs within the C H 2 domain of human IgG (26), which is 
also the region of N-linked glycosylation. Second, elimina- 
tion of the N-linked glycosylation site in mouse IgG2b by in 
vitro mutagenesis of asparagine-297 to alanine results in 
reduced affinity of the antibody for human Clq and complete 
loss of CDC (27). Third, while yeast and mammalian cells 
recognize the same peptide signal [Asn-Xaa-(Ser/Thr)] for 
glycosylation and utilize a similar pathway for core oligosac- 
charide synthesis in the endoplasmic reticulum (28), the type 
and extent of outer chain glycosylation appear to be quite 
different in these cell types (29). Indeed, comparison of yeast- 
and Sp2/0 cell-derived heavy chains by reducing NaDod- 
S0 4 /pblyacrylamide gel electrophoresis revealed differences 
in protein mobility (Fig. 4), which may be caused by differ- 
ences in glycosylation. Such glycosylation differences may - 
be sufficient to cause a loss of CDC activity. Further studies 
will be required to establish the exact cause of these size 
differences and their possible relationship to CDC activity. 

Fab proteins may be especially useful for certain diagnostic 
and therapeutic applications, including in vivo tumor imaging 
(8) and drug or toxin delivery to tumors. Mouse-human 
chimeric Fab proteins are particularly attractive for these 
uses because they may be less immunogenic than mouse Fab 
proteins in humans. Current methods for Fab production 
involve papain digestion of purified whole antibody (11). This 
approach can be problematic, since not all antibodies are 
equivalent in their susceptibility to papain cleavage (11) and 
additional purification steps are required beyond that for the 
whole antibody. In addition, papain digestion can result in 
partial degradation of the Fab (Fig. 4). By contrast, direct 
production of Fab by yeast or, as described elsewhere, by E. 
coli or Sp2/0 cells (30) can yield a highly purified, homoge- 
neous Fab preparation that has the same binding activity as 
the Fab prepared by papain digestion (Fig. 5). Further, the 
introduction by site-directed mutagenesis of a restriction site 
in conjunction with the stop codon in the Fd sequence 
permits manipulations at the 3' end of the gene that can yield 
Fab proteins with altered properties, such as enhanced 
affinity in labeling reactions, or allow direct production of 
Fab molecules linked to various proteins. 
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Escherichia coli Secretion of an Active Chimeric 
Antibody Fragment 

Marc Better, C. Paul Chang, Randy R. Robinson, 

Arnold H. Horwitz 

A chimeric mouse-human Fab protein that binds specifically to the human carcinoma 
cell line C3347 has been expressed and secreted from Escherichia coli. This molecule, 
which contains functionally assembled kappa and Fd proteins, binds as effectively to 
sites on the surface of C3347 cells as Fab fragments prepared proteolyticaUy from 
whole chimeric or mouse antibody. The production in Escherichia coli of foreign 
heterodimeric protein reagents, such as Fab, should prove useful in the management of 
human disease. 
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THE BINDING-SELECTIVITY OF ANTI- 
body molecules makes them suited 
for applications as diverse as affinity 
chromatography, diagnostic reagents, and 
therapeutics in;the':aetecrion and treatment 
of human diseases'. -Monoclonal antibodies 
are especially useful for these purposes be- 
cause they can be prepared with homoge- 
neous recognition' specificities targeted at 
virtually an unlimited number of antigenic 
determinants. The protein domains that 
confer these antigen recognition determi- 
nants can be proteolyrically separated from 
the remainder of the molecule and still retain 
their antigen-binding "ability. This portion 
of an antibody (Fab) is roughly one-third 
the size of an intact immunoglobulin G 
(IgG) (about 48 kD) and exhibits monova- 
( lent antigen binding. The similar F(ab') 2 
portion retains divalent antigen-binding ca- 
pacity and contains both recognition do- 
mains linked by two interchain disulfide 
> bridges. Antibodies differ, however, in their 
susceptibility to proteolytic cleavage, and 
preparations can be heterogeneous. The rel- 
atively simple structure of a Fab (5 disulfide 



International Genetic Engineering, Inc. (INGENE), 
1545 17th Street, Santa Monica, CA 90404. 



bonds) compared to an intact antibody ( 16 
disulfide bonds) and the therapeutic useful- 
ness of Fab molecules make them attractive 
targets for production by microbial fermen- 
tation after appropriate protein engineering. 
Here we discuss the expression of a mouse- 
human chimeric Fab in Escherichia coli, that 
is, a molecule that contains the variable 
regions (antigen recognition domains) from 
a mouse monoclonal antibody and the ChI 
and C K constant regions from a human IgGl 
antibody. 

Each protein chain of a Fab has two 
intrachain disulfide bonds that stabilize 
functional domains, and a single cysteine 
involved in interchain disulfide linkage. 
Escherichia coli has been used to produce 
individual immunoglobulin chains internal- 
ly that are not properly folded (1, 2), or 
individually secreted chains (3); however, 
for E. coli to assemble the truncated heavy 
chain (Fd) and k into the correct heterodi- 
meric molecule, both chains must be trans- 
lated simultaneously and secreted. This op- 
eration would then mimic the cognate 
immunoglobulin assembly process. 

The chimeric L6 antibody (4), directed 
toward a ganglioside antigen expressed on 
the cell surface of many human carcinomas 



(5), has been described. This antibody, pre- 
pared from the culture supernatant of an 
Sp2/0 transfectoma celf line, is expressed 
from the cDNA copies of the chimeric L6 
IgG 7 and k chain genes. The cDNA clones 
for these two chimeric genes were used as 
the starting point for expression of a Fab 
molecule in mammalian cells and bacteria. 

A termination codon was introduced into 
the chimeric heavy chain gene at amino acid 
228 by site-directed mutagenesis (d) (Fig. 
la) in a manner that introduced a Bel I 
restriction site. A similar step introduced a 
restriction site, Sst I, into the coding region 
at the processing cleavage site of the native 
heavy chain leader peptide and the mature 
heavy chain. Site-directed mutagenesis was 



Table 1. Binding activity of bacterial Fab to 
human carcinoma cells. Target cells were incubat- 
ed for 30 min at 4°C with each antibody or Fab, 
followed by incubation with fluorescein isothio- 
cyanate (FITC)-labeled goat antibody against 
human k for the bacterial Fab, FITC-labelcd goat 
antibody against mouse IgG for the L6 mouse 
antibody, FITC-labeled goat antibody against 
mouse k for L6 mouse Fab, or goat antibody 
against human IgG for the chimeric L6 antibody. 
We determined antibody binding to the cell sur- 
face by using a Coulter model EPIC-C cell sorter. 
FITC-labeled antibodies were obtained from 
TAGO. 





Binding 


ratio* 


Antibody 


C3347 cells 
L6+ 


T51 cells 
. L6- 


Mouse L6 
Sp2/0 chimeric L6 
Bacterial L6 Fab 
Mouse L6 Fabf 


95 
116 
54 
16 


1 
1 
1 
1 
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*The binding rauo is uic numwi oi uui» un^iuw * 
sample is than a control sample treated with FITC- 
conjugatcd second antibody. Quantitative differences in 
binding to C3347 ceils probably reflect the relative 
activity of individual FlTCrconjugates. Data shown are 
from one of two similar binding assays. t Prepared by 
enzymatic digestion, of mouse L6 antibody with papain. 
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also used to insert an Aat II restriction site 
into the chimeric k chain gene at the junc- 
tion of the leader peptide and the mature 
processed k chain. Each coding sequence, 
Fd and k, was fused to the leader peptide 
segment of the bacterial pelE gene (pectate 
lyase) from Erwinia carotovora (7) generating 
a gerie fusion between the leader peptide 
segment of the pectate lyase gene and the 
mature coding sequence of the Fd and k 
genes. This bacterial leader sequence was 
chosen to direct membrane translocation in 
E. coli since pectate lyase can be secreted to 
high levels under the control of a regulated 
promoter. To ensure that both Fd and k 
were also translated in close physical prox- 
imity, we assembled a plasmid that codes 
both genes in a single dicistronic message 
(Fig. lb). This operon was placed under the 
control of the inducible araB promoter from 
Salmonella typhimurium (8) and expressed in 
E. colt. 

Examination of culture supernatants or 
extracts of the periplasmic space (9) of E. coli 
bv enzyme-linked immunosorbent assay 

. (ELISA) for chimeric k with antibody 
against human k (Cappel), or Fab produc- 

. tibn with antibody against human Fd (Cai- 
biochem) and antibody against human k, 
revealed that about 90% of the secreted k 
chain accumulated in the culture medium. 
This was a surprising observation that al- 
lowed simple purification of this material 
from induced bacterial cultures. Approxi- 
mately 2 mg/liter of material reactive as Fab 

/ in an ELISA is secreted into culture super- 



natants of MC1061 (pIT106). Immunoblot 
analysis with antibody against human k 
revealed that under nonreducing gel condi- 
tions, the predominant reactive species had a 
molecular size of about 48 kD. Under gel 
conditions where disulfide linkages were 
reduced, the predominant species had a mo- 
lecular size of about 23 kD. These observa- 
tions are consistent with the predicted mo- 
lecular sizes of the processed chimeric Fab 
(k, 23.3 kD; Fd, 24.7 kD), and suggest that 
the material is properly assembled. 

For purification of Fab, bacterial superna- 
tants were concentrated, filtered, and loaded 
on an SP disk equilibrated with 10 mM 
phosphate buffer, pH 7.5. Fab was eluted 
with 0.2M NaCl and purified by S Sepha- 
rose column chromatography, where it was 
eluted as a single peak with a linear 0 to 
0.1 2M NaCl gradient. The immunologically 
reactive material was more than 90% pure as 
determined by SDS-polyacrylamide gel 
electrophoresis (PAGE) followed by Coo- 
massie blue staining (Fig. 2). Purified mate- 
rial has a molecular size of about 48 kD 
under nonreducing gel. conditions and 
about 24.5 and 23 kD under reducing gel 
conditions. The 23-kD band is immunologi- 
cally distinguishable by using antibody 
against human k. 

Purified bacterial Fab was tested for bind- 
ing to L6 antigen-containing cells (Table 
1). Bacterial Fab bound specifically to the 
human colon carcinoma cell line C3347; 
cells from the T cell line T51 served as a 
negative control. Bacterially produced Fab 
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HC 
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also exhibited characteristic binding inhibi- 
tion of FITC-labeled mouse L6 antibody to 
the surface of antigen-positive C3347 colon 
carcinoma cells (Fig. 3). We tested bacterial- 
ly produced chimeric Fab, proteolytically j 
prepared Fab from L6 mouse antibody, L6 
chimeric antibody, and Fab prepared from 
Sp2/0 cells transfected with the truncated 
chimeric Fd and the chimeric k gene. Ail 
Fab preparations have essentially identical 
binding inhibition profiles. The proteolyti- 
cally produced Fab contains a significant 
proportion of degraded, low molecular size 
peptides, whereas chimeric Fab from bacte- 
ria or Sp2/0 cells is homogeneous (Fig. 2). 

Protein engineering allowed the expres- 
sion in E. coli of a functional chimeric Fab 
that has binding specificity for a human 
carcinoma cell marker. The finding that E. 
coli can be engineered to secrete a foreign 
heterodimeric molecule builds on the earlier 
report that intrachain disulfide bonds can 
form correctly in. proteins secreted into the 
periplasmic space of£. coli (10). One useful 
application for bacterially produced Fab 
molecules will be in tumor imaging in vivo 
(11, 12) [tumor marker— specific Fabs pro- 
duced proteolytically from whole antibodies 
have already been used for this purpose (13- 
15)]. A great advantage of the engineered 
bacterial Fab is that the protein heterogene- 
ity that results from nonspecific cleavages 
and differences in the susceptibility of anti- 



t 226 t t 

He Cys Asp Lys Thr His Thr Cys Pro Pro Cys Pro Ala 
ATC TGT GAC AAA ACT CAC ACA TGC CCA CCG TGC CCA GCA 
3' TGA GTG TGT ACT AGT GGC AGG GG 5* 
I TGA TCA | 
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■ Fig. -1. (a) Strategy for introduction of a stop 
* codon^and Bel I restriction site at amino acid 228 
in the chimeric L6 heavy chain cDNA clone. An 
/M13mpl9 subclone containing a portion (V H , 
C H 1, C H 2) of the chimeric L6 y gene, 

• pING1400, was used as a substrate for site- 
directed mutagenesis with the primer shown. 
Arrows indicate the cysteine residue involved in 
disulfide linkage with light chain (LC) and those 

" involved in linkage with heavy chain (HC) in an 
- intact IgG. (b) Map of plasmid pIT106 and a 

* schematic view of the relevant Fab operon placed 
under the control of the 5. typhimurium araB 
promoter (ParaB). The 300-bp pelB leader se- 
quence cassette including the 22-amino acid pelB 
leader and 230 bp of upstream DNA was derived 
from pSSl004 (7). Gene fusions were construct- 
ed with pelB and both Fd and k genes. Erwinia 
carotovora DNA sequences 5' to the -48 position 
were removed by means of an Nde I restriction 
site, and the coding sequences for these genes 
were assembled (in the araB expression plasmid 
pIT2 (17)) into a single transcription unit with 70 
bp separating the two genes. The pectate lyase 
ribosome binding site is located adjacent to each 
gene. In addition, the DNA sequence from -48 
to the pelB: antibody gene junction is a direct 
repeat preceding the Fd and k genes. The 28-bp 
trpK transcriptional terminator (Pharmacia) was cloned at the end of the transcription unit (Tm). 
Restriction endonuclcasc sites are as indicated: P, Pst I; Bg, Bgl II; Be, Bd I; and H, Hind III. The solid 
area denotes the approximate location of the pelB leader sequence. 
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Fig. 2. SDS-PAGE comparison of bacterially (B) Po 
and . Sp2/0- produced (Sp) Eab to papain- pro- ** g C1 
duced mouse L6 and chimeric L6* Fab. Mouse ^ 
L6 and chimeric L6 antibodies were digested with 
papain (1 5), and Fab was purified by S-Sepharose : * at 
chromatography. Each protein was examined by ^gr» 
SDS-PAGE on a 10% gel under nonreducing ' 
conditions (a) and oh a 12% gel under reducing 
conditions (b). 
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Flg. 3. Binding inhibition of bacteri- 
al Fab. Bacterial Fab, Sp2/0 Fab, and 
protcolytically produced chimeric L6 
Fab (L6*) and mouse L6 Fab were 
used to inhibit FTTC-labeled mouse 
L6 antibody binding to the surface of 
antigen- positive C3347 colon carci- 
noma cells. 
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bodies to protease cleavage will be obviated; 
a consistent, homogeneous preparation can 
be produced. Of additional interest is the 
relative ease with which the Fab cDNA 
genes can be modified before expression in 
bacteria. For example, modifications of the 
primary structure of either the Fd or k chain 
(or both) that are useful for subsequent 
conjugation of imaging or therapeutic 
agents or fusion to other peptides (16) can 
be introduced by site-directed mutagenesis 



techniques. We found that E. coli can prop- 
erly assemble a functional two- protein unit 
with a complex partem of intra- and inter- 
chain disulfide linkages and that sufficient 
quantities of this material may be prepared 
for eventual use as a human diagnostic and 
therapeutic reagent. 
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Carcinogenic Risk Estimation 



ialiy (B) 
ain-pro- 
. Mouse j ' 
ted wjth j 

#! 

• reduemg 
reducing * 



In their widely publicized and popular- 
ized article "Ranking possible carcinogenic 
hazard," Bruce N.: Ames et al. (17 Apr. 
1987, p. 271) conclude that "analysis on the 
levels of synthetic pollutants in drinking 
water and of synthetic pesticide residues in 
foods suggests that this pollution is likely to 
be a minimal carcinogenic hazard relative to 
the background of natural carcinogens" and 
thus that the "high costs of regulation" of 
such environmental carcinogens are unwar- 
ranted. These conclusions reflect both 
flawed science and public policy. 

Although Ames ct cd. challenge the valid-, 
ity of animal carcinogenicity data for quanti- 
tative estimation of human risk, they never- 
theless use such extrapolations, based on the 
j percentage Human Exposure dose/Rodent 
I Potency dose (HERP), for ranking carcino- 
genic hazards. Apart from the fact that 
HERP rankings are based on average popu- 
lation exposures excluding sensitive sub- 
groups, such as pregnant women, the de- 
rived potencies of Ames ct al., doses induc- 
ing tumors in half the tumor-free animals, 
are misleading. Potencies for "synthetic pol- 



lutants," such as trichloroethylene, are de- 
rived from bioassays in which lowest doses 
are large fractions of the maximally tolerated 
dose (MTD), whereas potencies for more 
extensively studied "natural carcinogens," 
such as anatoxins, are generally derived from 
titrated doses, orders of magnitude below 
the MTD. Since dose-response curves are 
usually flattened near the MTD (I), poten- 
cies derived from high-dose testing yield 
artificially low risk estimates; HERPs for 
"synthetic" carcinogens are thus substantial- 
ly underestimated compared with many 
"natural carcinogens." 

Compounding this misconception, Ames 
ct cd. maintain that carcinogenic dose- re- 
sponse curves rise more steeply than linear 
curves and that tumor incidences increase 
more rapidly than proportional to dose. At 
high doses, dose-response curves are usually 
less steep than linear curves (i), as also 
recognized elsewhere by Ames and his col- 
leagues (2). Thus at MTD doses, large fur- 
ther dose Increases may induce only small 
increases in tumor incidence, perhaps re- 
flecting competition between transforma- 
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non and cytotoxicity (3); linear extrapola- 
tions from high-dose tests thus underesti- 
mate low-dose risks. 

For Ames et al., the term' "carcinogen^ 
heterogeneousiy includes cttrecrand indirect - 
influences, including promotin^.and riodj--^ 
fying factors and mutagens. Cioric intake is 
considered "the most striking rMeirt^arcin- 
ogen." However, no correlations ] have Been 
established between food intake and pimor 
incidence among animals eating ad libitum, 
despite wide variations in calpric. intake and : 
body weight (4), nor have correlations 'been 
established between obesity arid " most 
man cancers. In the statement by Ames ct. 
cd., "at the MTD a high percentage of all 
chemicals might be classified as 'carcino- 
gens'," toxicity and carcinogenicity are con- 
fused. However, among some 150 industrial 
chemicals selected as likely carcinogens and 
tested neonatally at MTD levels, fewer than 
10% were carcinogenic (5). Many highly 
toxic chemicals are noncarcinogenic, and 
carcinogen doses in excess of the MTD often 
inhibit tumor yields. While Ames et al. 
revive the discredited theory that chronic 
irritation causes cancer, most irritants are 
noncarcinogenic, and there is no correlation 
between nonspecific cell injury and carcino- 
genic potency (6). 

Ames ct al, classify ethanol as carcinogen- 
ic, "[one of the two] largest identified causes 
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fusion occurs at one cell membrane. Further, recent studies on 
glucose-mediated insulin release 21 and the effects of C0 2 on 
vasopressin-induced water permeation 22 suggest that cell acidifi- 
cation may be a more widespread stimulus for exocytosis than 
previously thought. 

This work was supported by NIH grants AM 20999 and NS 
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of the National Kidney Foundation of New York and New 
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The synthesis and in vivo assembly 
of functional antibodies in yeast 
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Celltech Ltd, 244-250 Bath Road, Slough, Berkshire SLI 4DY, UK 
t Department of Biochemistry, University of Oxford, 
South Parks Road, Oxford OX1 3QU, UK 

The yeast Sacckaromyces cerevisiae can synthesize, process and 
secrete higher eukaryotic proteins 1-5 . We have investigated the 
expression of immunoglobulin chains in yeast and demonstrate 
here (1) the synthesis, processing and secretion of light and heavy 
chains, (2) the glycosylation of heavy chain, (3) the intracellular 
localization of these foreign proteins by immunofluorescence, and 
(4) the detection of functional antibodies in cells co-expressing 
both chains. This may provide the basis of a microbial fermentation 
process for the production of monoclonal "antibodies. The co- 
expression of light and heavy chains in Escherichia coli has been 
reported but functional antibodies were not assembled in vivo 6 ' 1 . 
Furthermore, only low-level assembly of these chains was found 
in vitro. 

The immunoglobulin A and /x complementary DNAs used 
here were isolated from the mouse hybridomas S43 and Bl-8, 
respectively 8,9 . Both hybridomas were raised against the hapten 
4-hydroxy-3-nitrophenyl acetyl (NP). The A and fx cDNAs were 
placed under the control of the yeast 3-phosphoglycerate kinase 
(PGK) promoter, on pMA91 bearing the LEVI selectable 
marker 10 (Fig. 1), to form pYA for the expression of pre-A, and 
pYji for the expression of pre-/x. For co-expression of A and fx 
on different plasmids in the same cell, another selectable marker 
was needed. pLG89 contains two selectable markers, URA3 and 
hph (ref. 11), therefore the A coding sequence and PGK pro- 
moter from pYA were excised and inserted into pLG89, to 
produce pLGA. 

" Present address: Department of Pathology, The Medical School, University of Newcastle- 
upon-Tyne. Newcastle-upon-Tyne NEI 7RU, UK. 
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Fig. 1 Plasmids for the expression of immunoglobulin A and fx 
chains in yeast. The figure shows the fx and A inserts of pMA91 
which were used to form pY/i. and pYA respectively. Solid bar, 
PGK. sequences; the LEU2 and Ap r marker genes are cross- 
hatched. Sequences derived from synthetic pligodeoxyribonucleo- 
tides are indicated by horizontal bars. An arrow* ^indicates the 
direction of PGK transcription. - v; ' . 

Methods. All DNA manipulations were carried-out- as described 
elsewhere 22 . For construction of pYA, the Hindi 1 1 fragment of 
pATAl-I5 (ref. 6) bearing the A cDNA was isolated, and cut with 
FoJtI;307-base pair (bp) Fokl and512-bp Fokl-HindUl fragments 
were isolated (fragments c and d y respectively). Both 
oligodeoxyribonucleotides 23 : R162 (5'GATCAATGGCCTG- 
GATT3') and R163 (5'GTGAAATCCAGGCCATT 3') and pCT54 
(ref. 24) cut with Bell and Hindlll, to form pCTYA. R162/RI63 
recreate the 5' coding sequence, and place a Bc/I site-immediately 
upstream of the initiation ATG. pCTYA was digested with /f/ndlll, 
blunted with S, nuclease and filled-in with T4^DNA polymerase 
(P-L Biochemicals); the product was ligated with'JSg/I I linkers 
(5'AGAGATCTCT3') ( then digested with -Belli, and \Bgllh The 
fragment bearing the AcDNA was isolated and ligated with Bg/I I - 
cut pMA9l, to form pYA. The 5' A coding -sequence of pYA was 
isolated and shown to be correct by nucleotide^sequencing. The A 
coding sequence and PGK promoter were excised-, from pYA on a 
HindlU fragment, and ligated with tfmdlll-cut pLG89 to form 
pLGA. For construction of pYp., the y> cDNA was excised from. 
pCT54 M 25 on a Hindi 1 1 fragment, blunted (as for. pCTYA) and 
ligated with linker R107 (5TTTTGATCAAAA 3') which contains 
an internal Bell site. The ligation product was. digested with Bell 
and AccI, and the fragment containing the 3' end of p coding 
sequence isolated {b). Only the Bell site created, by R107 will cut, 
for internal sites were dam-methylated. pCT54^t -was cut with i 
Mboll, ligated with RI21 (5'GATC AATGGG ATGGAGCTGT 3') 
and Rl 12 (5'CAGCTCC ATCCCATT 3') and digested with AccI. 
The 276-bp Bcll-Accl fragment (fragment a) generated was iso- 
lated from a 5% poiyacrylamide gel. pMA91 cut with Bglll was : 
ligated with both a and b, to form pY^. The proximal end of the 
y. gene was isolated and shown to be correct by nucleotide sequenc- 
ing 26 * 2 " 7 . Yeast transformations were carried out as described else-' 
where 28 . pYA and pY/i were individually transformed into MD46 
(a/oc P ep4.3/pep4.3leu2/leu2arg5.6/ + + j trpl + / rad52 adel / ' + ( 
his3/+\ Melanie Dobson, personal communication); pYp and? 
pLGA were individually transformed or co- trans formed into 
X4003-5B (a leu2 adel his4 met2 ura3 trpS gall ; Yeast Genetic 
Stock Center, Berkeley, California). Cells containing pYA or pY/x; 
were selected for by growth in the absence of L-leucine, and pLGA 
cells selected for by growth in the absence of uracil. 



Cell extracts were subjected to Western blot analysis, usiflg^ 
antisera to A or fx proteins. MD46 cells containing pYA we J5|| 
found to contain an immunoreactive protein (Fig. 2a, lane I'M 
that co-migrates with authentic Bl-8 A (Fig. la, lane 1) andp 
with the mature A protein synthesized by E. coli cells containing 
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Fig. 2 Analyses of A and y, proteins in yeast cell extracts. Cells 
were grown in YMM (2% (w/v) glucose, 0.67% (w/v) Difco yeast 
nitrogen base without amino acids) to A^- l.O, at 30 °C with 
shaking, then collected by centrifugation. Cell pellets were dis- 
rupted by vortexing with glass beads (40 mesh, BDH) in 50 mM 
Tris-HCl pH 7.6, I mM EDTA, and diluted in sample buffer to 
I.5% (w/v) SDS, 2.5% (v/v) 0-mercaptoethanol, 5% (v/v) gly- 
cerol. Samples were subjected to SDS-polyacrylamide gel elec- 
trophoresis 29 and transferred to 0.45-jxm nitrocellulose and 
Western-blotted 30 * 31 with either rabbit anti-mouse A antibody 
(Miles) or rabbit anti-mouse IgM (Bionetics), and challenged with 
affinity-purified iodinated protein A (2/xCimr l ; Amersham). 
Migration of yeast A and p was compared with that of BI-8 protein 
and of mature A and p synthesized in £. colt 6 , a, Lanes 1-4, 
samples blotted with anti-A antibody: lane 1 , B 1 -8 ; lane 2, bacterial 
A; lane 3, pYA/MD46 cell extract; lane 4.-MD46 cell extract. 
Lanes 5-7, samples blotted with anti-IgM: lane 5, bacterial /a ; lane 
6, dYm/MD46 cell extract; lane 7, MD46 cell extract. Arrowheads 
indicate the positions of markers (Pharmacia): phosphorylase o, 
94 K; bovine serum albumin, 67 K; 'ovalbumin, 43 K; carbonic 
anhydrase, 30 K; soybean trypsin inhibitor, 20.1 K. For secretion 
studies, cells were also grown in YPED (1% (w/v) Difco Bacto 
yeast extract, 2% (w/v) Difco Bacto peptone, 2% (w/v) glucose) 
and all cultures were buffered with potassium phosphate pH 7.0. 
In these conditions, we were able to detect the ADH activity in 
extracts from < 0.005 A 660 units of cells, which would represent 
lysis of <0.5% of a culture at A 660 = 1.0. At such concentrations, 
ADH activity remained stable for up to 3 h at 30 °C. Medium 
supematants were assayed for ADH by mixing in a cuvette 1 ml 
of supernatant with 0.3 ml of 500 mM potassium phosphate pH 
7.0, 100 m-J 30 mM NAD (reduced form; Sigma), 0.3 ml 30 mM 
acetaldehyde (BDH) and 1.3 mi double-distilled water. The 
decrease in A^ was measured with a Gilford spectrophotometer 
at 30 °C. b. Demonstration of p glycosylation in yeast. Duplicate 
50-ml YMM cultures of MD46 containing pY^t were grown in 
250-ml baffled flasks, with shaking at 30 °C to A 660 = 1.0 then split 
into duplicate 20-ml cultures. To one culture, designated ' + ', we 
added tunicamycin 12 * 32 to a concentration of 15 jigml"', in 30 u,l 
of dimethyl sulphoxide (DMSO), and to the other culture, desig- 
nated we added 30 u.1 of DMSO alone. Cultures were left 
shaking at 30 °C, and samples taken at various times from both 
cultures. Cell extracts were prepared and Western-blotted with 
rabbit anti-mouse IgM and iodinated protein A. Alternating + 
and - tunicamycin samples are shown and the times of sampling 
given above the lanes in min. The 0-rhin sample was taken immedi- 
ately before DMSO addition. Cells harbouring pYA were treated 
similarly, and no difference was found between cultures with or 
without tunicamycin, when Western-blotted with anti-A antiserum 
(data not shown). This result was expected as A is a non-glycosy- 
lated protein in mammalian cells. 




Fig. 3 Intracellular localization of A and ft protein. The figure 
shows MD46 cells either untransformed (c, d), or transformed 
with pY/i ( fl ) or pYMX(b)\ a and c were incubated with fluore- 
scein-conjugated anti:>x; b and d with • rhodamine-conjueated 
anti-A. x700. . - :v - : ' 6 

Methods. Cells were grown ,in minimal media and convened to 
spheroplasts with-2ymOlyase J 20;000 (50 ^g per unit in 0.5 ml; 
Miles), in 1.2 M sorbitol, , 50 m M potassium phosphate pH 7.0, 
15 mM ^-mercaptopjhanpi, ibmM EDTA, at 30 °C for 30 min! 
Spheroplasts we're washed in 1.2 M sorbitol, and deposited on glass 
microscope slides using a'cytocentrifuge, then fixed in 5% (v/v) 
acetic acid/95% (v/v). ethanol, at -20 °C overnight. Slides were 
rehydrated and washed thoroughly in phosphate-buffered saline 
(PBS), before being jstained with O.lmgmr 1 of fluorescein 
- lsothiocyanate-labe^ goat anti-mouse IgM or 

tetramethylrhodamir^ affinity-purified, 
goat anti-mouse A ( bo^ f ro m;So u t h ern Biotechnology Associates, 
Alabama). Slides ,w;ere' J washed' in PBS, and mounted in glycerol 
containing l,4-dia2^bi;cylo/2:2:2)octane, before examination by 
- C'. s-'I -ul travib 1 et mi crosco p v. 

a gene for mature^ (reOj (Fig. 2a, lane 2). MD46 cells 
containing pY/x were' found' to contain three immunoreactive 
species (Fig. 2a, lane 6)vfThe predominant yeast At-immunoreac- 
tive band had a relative.rnolecular mass (M r ) of -63,500 (63.5 K) 
consistent with it being ^mature, non-glycosylated /i, and co- 
migrated with the mature >- synthesized by E. coli cells contain- 
ing a gene for mature^ Jref;.6) (Fig. 2a, lane 5). In addition, 
two diffuse bands of greater relative molecular mass were found 
in MD46 cells containing pY/x' (Fig. 2a, lane 6). The mature, 
glycosylated fx of BI-8 has a M T -70 K (not shown). 

We conclude that the A immunoreactive species is mature A, 
and the —63.5 K fx species is mature, non-glycosylated fx. On 
the basis of relative molecular mass, the signal sequences of 
both proteins have probably been cleaved. The higher-M r fx 
bands were shown by two criteria to be glycosylated /x. First, 
the higher M T ll was lost from cells treated with tunicamycin, 
an inhibitor of TV-linked glycosylation 12 . In cultures without 
tunicamycin, the amount of higher-M r /x increased during the 
time course examined, up to 235-min sample, after which the 
culture reached stationary phase, and the level of fx decreased 
(Fig. 2b). In cultures containing tunicamycin, the 63.5 K fx 
species accumulated with this species alone being found after 
80 min of tunicamycin treatment. In addition, the higher-Af r 
form of \x was reduced in size to that of mature, non-glycosyiated 
fx from £. coli, when treated with trifluoromethane sulphonic 
acid, which removes /V-linked glycosyl groups with high 
efficiency 13 (data not shown). We conclude that a significant 
proportion of yeast fx is N-glycosylated. However, the yeast 
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and mammalian y. will probably differ in carbohydrate composi- 
tion, especially if the yeast m outer-chain oligosac- 
charides UJ5 . 

Medium supernatants from cultures of MD46 cells trans- 
formed with either pYA or pY/i were found to contain 
immunoreactive A or/i protein, respectively. This was shown 
to be genuinely secreted material, rather than arising from cell 
lysis, by demonstrating the absence of a cytoplasmic enzyme, 
alcohofdehydrogenase (ADH), from the supernatants (see Fig. 
2 legend). In yeast minimal medium (YMM), up to 10% of A 
and 5% of /x in MD46 cultures at -1.0 was found in the 
medium supernatant, as detected by enzyme-linked immunosor- 
bent assay (ELISA) 25 . In YPED medium (Fig. 2 legend) up to 
40% of A and 15% of fi was found in this fraction. Transformed 
X4003-5B cells generally yielded higher levels of secreted 
material. The immunoreactive A material from the medium 
supernatants of cultures containing pYA was shown, by Western 
blotting, to co-migrate with intracellular A (data not shown). 
The secreted jx has not yet been examined. 
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Fig. 4 Analysis of functional antibodies in yeast. Transformed 
X4003-5B cells were grown in 100-ml volumes of YMM, supple- 
mented with 50mgl _I of L-tryptophan, L-histidine and L- 
methionine, and 30mgl -1 of adenine sulphate in 500-ml flasks. 
Strains not containing pLGA were supplemented with 30mgl -1 
uracil, and those not containing pY/x with SOmgl" 1 L-leucine, 
Cells were collected by centrifugation, then washed and resus- 
pended in 25 mM Tris-HCl pH 8.0, 1 mM EDTA, 5% (v/v) gly- 
cerol, 0.1% (v/v) Nonidet-P40, 1 mM phenylmethylsul- 
phonylfluoride (extraction buffer), before being lysed by glass bead 
disruption. 'Insoluble' material was pelleted in a microfuge for 
12 min at 4 °C, and the 'soluble' supernatant fraction removed. The 
soluble fraction was analysed in a two-site sandwich ELISA (NIP 
assay) which detects /i -chain binding to haptenylated bovine serum 
albumin (NIP-caproate-BSA) 6 ; this assay is sensitive to 60 pg of 
BI-8 IgM. a, Specific hapten binding was examined in the NIP 
assay of the soluble fraction of pLGA + pY^-transformed cells ( , 
O), pY^i -transformed cells (A) and Bl-8 (9, □), in the absence 
(solid symbols) and presence (open symbols) of 30 p.M free NIP- 
caproate. 6, The heteroclitic nature of yeast antibody activity (•) 
in soluble fractions from pLGA +pY^ -transformed cells and Bl-8 
(■) was examined by comparing binding in the presence of free 
. NIP-caproate ( ) and NP-caproate (— — ). 



The intracellular locations of A and_/i proteins in yeast were 
examined by staining fixed yeast spheroplasts with fluorescein 
or rhodamine-conjugated antisera. We stained both MD46 and 
X4003-5B strains, harbouring pY/i, pYA, pLGA or pYMA. 
pYMA is a pMA91 derivative encoding the mature A protein, 
that is, Met-mature A, not including the signal sequence. Cells 
containing pYjx (Fig. 3a), pYMA (Fig. 36), pYA or pLGA 
showed a discrete immunofluorescence localized in bodies that 
appeared on the basis of their morphology to be vacuoles' 6,17 . 
Cells containing pYMA showed a much greater accumulation 
of stain than those containing pYA ; this may be explained by 
the observation that the intracellular concentration of mature A 
from pYMA is up to fourfold greater than that of pre-A from 
pYA, in MD46, by ELISA. Further experiments are required to 
identify unequivocally the sites of accumulation of immunoreac- 
tive A and fi proteins. If these foreign proteins are being localized 
in the vacuole, they could be transported there by the secretory 
pathway' 819 , however, the detection of mature A from pYMA 
in the same structures calls this into question — the cell may be 
directing these proteins to the vacuole for degradation 20 . 

Soluble extracts of X4003-5B cells transformed with one or 
both of pY^i, and pLGA were prepared and analysed by an 
ELISA that detects binding of Bl-8 to solid-phase hapten, in 
the presence and absence of competing free hapten 6 (Fig. 4a); 
no specific binding was detected for extracts of cells transformed 
with either pLGA or pY^z.. However, extracts of cells transformed 
with both plasmids, and expressing both light and heavy chains, 
showed a strong, specific signal similar to that of the hybridoma 
Bl-8 protein. All detectable solid-phase hapten binding was 
lost in the presence of 30 u,M free hapten. Bl-8 is a heteroclitic 
^ antibody, and shows greater affinity for the related hapten 
* 4-hydroxy-5-iodo-3-nitrophenyl acetyl (NIP), than for the hap- 
: ten NP 2 '. The yeast antibody activity also showed that higher 
free NP than free NIP concentrations were required to inhibit 
binding of antibody to solid-phase NIP (Fig. 4b). In addition, 
the activities of the yeast antibody and Bl-8 showed similar 
specificity ratios (ratio of concentration of NP to NIP at 50% 
inhibition) of 37 and 47, respectively. The amount of ^ protein 
< in the soluble extract of cells containing pLGA and pY/i. was 
: determined by ELISA, and using B 1 -8 as a standard, the specific 
activity of the yeast antibody was found to be —0.5%. ELISA 
^showed that at A 660 = 1.0, there was -500 ng of Bl-8 A 
equivalent, and 15 ng of BI-8 /x equivalent per ml. No significant 
amounts of NIP binding activity have been found in concen- 
trated culture media (data not shown). * 

On the basis of the specific activity of the soluble-fraction 
yeast antibodies, the efficiency of assembly of functional anti- 
goodies is low, although the antibodies show both specific hapten 
binding and heterocliticity. It will be interesting to characterize 
further the yeast antibodies in the soluble fraction and to deter- 
mine whether or not most of the immunoglobulin protein from 
the insoluble fraction (-75% of total) is also assembled into 
functional antibodies. 

We thank Drs A. Bothwell and D. Baltimore for supplying 
plasmids pABAl-15 and pAB^-11; Drs M. Neuberger and T. 
Imanishi-Kari for gifts of Bl-8 protein; Dr J. E. Davies for the 
provision of pLG89; and Drs M. Dobson, A. J. Kingsman and 
S. M. Kingsman (Oxford) for pMA9l and MD46. We thank 
our many colleagues in Celltech and Oxford, for advice and 
discussions. ■ 
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Plasma membrane glycoproteins of cytotoxic T lymphocytes 
(CTLs) are involved in the binding to and subsequent destruction 
of appropriate target cells 1 " 3 . The electrophoretic profile of surface 
proteins of mature CTLs, particularly those of high relative 
molecular mass (M r ), is markedly different from that of naive 
peripheral T cells or non-cytolytic T cells 4 " 7 , suggesting the poss- 
ible involvement of these molecules in the activation of CTLs 
and/pr in the lytic process itself. By generating monoclonal anti- 
bodies to cell-surface proteins of CTL clones, we have noW detected 
CTL^specific modifications in one of these high-Af r membrane 
proteins, T200. Although forms of T200 are found on a wide variety 
of cell types, the neoantigenic determinants recognized by our 
antibodies are present exclusively on activated T cells and in high 
concentrations only on CTLs. Furthermore, the expression of the 
modifications recognized by our antibodies is influenced by soluble 
factors and also seems to have functional significance, as mono- 
clonal antibodies specific for these novel epitopes block cytolytic 
activity. 

Monoclonal antibodies with specificity for CTL surface rec- 
ognition structures were produced by immunizing BALB.B mice 
repeatedly (intraperitoneal^) with a C57BL/6-derived CTL 
clone, B3.3, which is specific for a BALB minor histocompatibil- 
ity antigen in association with H-2K b . Spleen cells of immune 
mice were fused to a myeloma partner, P3-X63 Aj8'.653, and 
the resulting hybridoma supernatants were screened for the 
abihty to block specific target lysis by B3.3. Figure \a depicts 
the blocking activity of two of these monoclonal antibodies 
^ l and CT2, on clone B3.3 in conditions of saturating antibody' 
^ i 1 and CT2 (which are both IgM antibodies) efficiently block 
specific killing of BALB.B target cells by clone B3.3 CT2 being 
the more efficient of the two antibodies. In this regard CT2 was 
as efficient as the anti-Lyt-2 monoclonal antibody, 53.6 72 Anti- 
jpody 13/2.3, which is specific for the T200 molecule 8 did not 
Significantly affect specific lysis by this CTL clone 

To determine whether CT1 and CT2 were able to block 
ML-mediated killing in conditions not requiring antigen- 
spccific recognition on the pan of the CTLs, we tested their 
H mhlblt iectln - de P end ent cell-mediated cytotoxicity 

VLUCC). Both antibodies were highly efficient as inhibitors of 
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Fig. 1 Inhibition by CT antibodies of cytoiysis mediated bv cloned 
CTLs and MLC-derived CTLs. Serial dilutions of effector cells 
were incubated in 96-wel! round-bottomed microtitre plates for 
30 mm at 4 °C with saturating levels of CTl (O), CT2 ( x), 13/2 3 
(A, anti-T200, kindly provided by Dr Ian Trowbridge Salk 
Institute), 53.6.72 (■, anti-Lyt-2), or medium (•). Effector cells 
were: a y b y CTL clone B3.3 (a C57BL/6 clone derived by limiting 
diluuon and specific for a BALB minor histocompatibility antigen 
in association with H-2K b ); c, C57BL/6 spleen cells stimulated 
for 5 days with irradiated DBA/2 spleen cells (5 x I0 6 cells of each 
per well in 24-weIl plates) in RPMI 1640 culture medium supple- 
mented with 5% fetal calf serum; d t MLC cells derived as in c but 
restimulated (5 x I0 5 responders and 5 x 10 6 stimulatorsper well) 
every 7 days for 4 weeks in medium containing 5% rat Con A 
supernatant (RCS). 5l Cr-labelIed target cells (lxlO 4 ) were as 
follows: a, 3-day BALB.B Con A blasts; b % P815 H-2 d masto- 
cytoma cells with the addition of 10 mr' PHA; c, d t P815 cells. 
After the addition of target cells, the plates were centrifuged for 
3 min at 800 r.p.m. to initiate cell contact and incubated at 37 °C . 
for 2h. Per cent specific lysis was calculated .as I00x[(c.p.m. 
released with effectors) -(cp.m. released alone)]/[(c.p.m. released 
by detergent) -(cp.m. released alone)]. Spontaneous release of 
P815 target cells was 5% and that of BALB.B Con A blasts 18%. 
No significant lysis was observed of C57BL/6 Con A blasts (a), 
of P8I5 cells without the addition of PHA (6), or of EL4 cells (c, d). 

phytohaemaggiutinin (PHA)-dependent killing of P8I5 tumour 
ceils by clone B3.3 (Fig. 1 b). CTl was comparable with anti-Lyt- 
2 in blocking LDCC, while the anti-T200 antibody did not inhibit 
lysis (Fig. 16). (Note that CTl and CT2 do not bind to 'the 
target cells used in these assays; see below.) We also found that 
five out of five independently isolated CTL clones of various 
target specificities were blocked by both antibodies. Thus, it was 
apparent that CTl and CT2 were not clone-specific or anti- 
idiotype in their reactivity. More surprising results were 
obtained when we examined their effect on heterogenous popu- 
lations of CTLs generated in mjxed lymphocyte culture (MLC). 
When the effects of these antibodies on the lytic ability of a 
primary MLC were tested (Fig. lc), only minimal inhibition of 
specific lysis was observed using CTl, CT2 or the control anti- 
body 13/2.3 (anti-T200), while 53.6.72 (anti-Lyt-2) significantly 
inhibited lysis. However, quite surprisingly, in inhibition assays 
using as effectors CTLs from a long-term MLC, CTl and CT2 
produced a significant decrease in specific lysis (Fig. \d). This 
MLC (and others similarly blocked by CTl and CT2) were 
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? one another can fall into rhythms on the basis of effects of these sorts 
without special coordinating devices. With cilia this could account for the fact 
that experimental changes in the viscosity (resistance to flow) of the medium 
in which ciliates are placed can markedly alter the pattern of ciliary waves 
Hydrodynamic interactions could also explain findings made on the flagellate 
Myxotricia which possesses, in addition to its flagella, a symbiotic population 
of spirochetes (Section 3.2.4) associated with its surface: Despite the ab- 
sence of an obvious coordinating device such as a common plasma membrane 
or interconnected basal structure, these spirochetes, whose intrinsic mo- 
tion is somewhat akin to that of a flagellum, beat in waves. It even appears 
that motion of the attached spirochetes can produce motion of the protozoan 
itself. 



3.3.5 Endosymbionts . 

Many protozoa maintain long-term or peFmahent symbiotic relationships with 
other cells. Myxdtricia with its spirochetes was just mentioned. Particularly in- 
teresting from the viewpoint of cellular evolution are the endosymbiotic rela- 
tionships in which one cell lives inside another. Entry most often is by endo- 
cytic mechanisms; the entrant is presumably protected by mechanisms such as 
the ones discussed; in Section 2.8.2. Both blue-green algae and eucaryotic al- 
gae have; beep; ;found thriving inside species of protozoa, apparently "contrib- 
uting phptpsyntKetic. products and 0 2 to the host and "receiving' \ the respi- 
ratory..pr.oauc|^fpr use.in photosynthesis, among other. benefi&rlacteria 
also live .inadeiprotozba: In one classic example, bacteria were' originally' de- 
tected in Paramecium through findings that some Paramecium strains could 
release parhcl|s capable of killing other strains. The particles turned out to be 
small bacteria normally harbored in vacuoles within the "killer" strains An- 
other case is th1j ; ameba Pehmyxa, in which no recognizable mitochondria are 
present but in which there are populations of endosymbiotic bacteria perhaps 
capable. Qtgr^^jg-.ttje ameba with respiratory capacities. ..- . 

^^i%$!^symbioses, the relative balances of benefits be'tween the 
P^^^^^raj? 1 * and th e situation can approach parasitism. In many 
ff seS| on W-^ e - ; ^ r P artner can survive , without the symbiotic ^association 
ncwev^a^S^;^f . students of cellular evolution believe ahat^e'rfain en- 
dosymbioti^relati.o|s , h'ips have evolved into virtually absolutetihterdependen- 
cies and; tifpt^^sonie ancient ones account for the origin' of intracellular 
organeU^^pe^y^hloroplasts and mitochondria. This belief- will be pursued 
further in SectiSa 4.5.2. - 



Chapter j|J;HEucaryotic Plant Cells 



Until recently, discussions of eucaryotic plant cells were frequently introduced 
with explanations about.the slow progress of plant cell biology. Plants do pose 



THIS PAOE BLANK (uspto) 



358 



Cell Types: Constancy and Diversity 



This is important both for fte bS c sciS, W T ,S acceIera ^9 rapidly, 
practical matters of agriculture and ecob 2 * ^ Sained and £ 



What do tho~ V 7 . y Und in animal cel| s 

^^S^J^^^jjrft" 1 r Iasma m ~ * 

ecules are somewhat ditCRttSr ^ m °'- 
formation suggesting that this is the ^ ? here 13 ^Smentary in- 
. sequent sections, plant scientist hllltT ^'" Stance - as «® be seen in sub- 
the plasma membrane m^re than he ° f K+ and H+ across 

investigators of animal cells (S^rt-ifiS* 1 ** ° f SUCh stron 9 interest to 
vant issues as the roles of cyclic nucleoH^ ' ^T™' 6Ven such ma i° r 
tled. One question of interestt whe f T P ' ant ^ ™ Sti " ^ ite ^ex- 
ceptors that bind aJS^^ ^ — brane re- 
tos.s. At first glance neither endocytos^nor m I * f 9 *, mUCh endoc >" 
seem likely to be a major normal event Z^ Tt^ bindin9 would 
restrictions imposed by he waT BuTTht ?u, P,ant SUrface S^en the 
Excellent photomicrographs hat beln nuS£ c ? ° Versim P lified 
Parent budding from the cell ^^^^^ 
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>|imentally removed and macromolecular tracers are introduced, some plant 
I cells seem able to take up the tracers. At the very least this might reflect cell 
I. surface turnover phenomena of the sorts discussed in Sections 2.1.6 and 2.8.4 
i;. Lectins capable of recognizing and binding : specific carbohydrate configurations 
f\ (Section 2.1.7) also are present at plant cell surfaces. 

Nitrogen Fixation Another kind of evidence for endocytosis-like capacities 
and perhaps for cell surface recognition systems that cooperate with intracel- 
lular receptors, comes from the responses of plant cells to invasive organisms- 
pathogens, parasites, and symbionts. For instance, the root nodules found on 
major crop plants like peas and beans are sites of interactions between Gram- . 
negative bacteria of the genus Rhizobium' and the plants' root cells. Through 
growth of infective threadlike structures that penetrate the roots, enzymatic ac- 
tivities and production of hormone-like signaling molecules by the plant host 
and by the invading bacteria, a sequenced events is orchestrated whereby 
the bacteria come eventually to reside. in the host cell cytoplasm. They live * 
there within cell surface invaginations and membrane-bounded vacuoles 
Among other processes, the bacterial enjry/requires localized dismantling of the 
plant cell wall and induces a pattern .bfgrawth and division of the host cells 
that generates the characteristic lumpli^^ nodules in the 

roots. Only certain species of host plan|£^ strains of Rhizobium can 

establish the relationships described;/;!^ for recognition de- 

vices, some of which may reside in (Host cell 

lectins [Section 2.1.7] recognizing bacterid un _ 
der suspicion. ) ..U^.'.- 
Once inside, the Rhizobium cel^bacteriods") use carbohydrates de- 
rived from the host plant's metabolism "'to' support the energy production re- 
quired for the fixation of atmospheric nitrogen. The plant is provided with a 
much richer nitrogen supply than that;a^ nitrates and other soil 

sources. (This, of course, is also the 6|s^ cKp^rptation in which soybeans 
peas, or other legumes are planted P^^#)^r4enrich the soil with usable 
nitrogen.) The host cell apparentiy'aiigii^maintaining an environment con- 
ducive to the functioning of the bac^^iti c |>hfeins: A protein related to 
hemoglobin [leghemoglobin] is synfH^^^/Jfie^ nost Along with the walls 
of the cells in the nodules, this substeric|§^^na^ontrols the amount of free 
oxygen that reaches the bacteria, pemi^hg:adequate amounts to support bac- 
tenal metabolism without inactivatingljrn^en* fixation (Chap. 3.2B). The de- 
rivatives of the host cells' plasma membranes, ■.which surround the spaces in 
which the Rhizobium cells live, probaHi^M^te-actl^ in th e exchanges 
between host and bacterium. V?t££V* '£ ^ j 

In addition to the symbiosis-like rations' just outlined, which apply only 
to certain plants, the nitrogen metabolism' of plants in general involves other 
specialized features. For example, nitrates absorbed from the soil are first re- 
duced to nitrites by a cytoplasmic (cytosolic?) enzyme system (nitrate reduc- 
tase). The nitrites are then converted to ammonia and its derivatives by nitrite 
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reductases and other systems in the chloroplasts that use the photosvnthon I 

KS^jf" S ° U - Ce ° f 1 redUdnS CapadtieS - P «oxisom a | Jt%d£^# 
(Secfcon 2_9.2) may also take part in the metabolic conversions by which rto 
3 en is made available- for amino acid synthesis and other pathways. 

Chapter 3.4A Algae 



?S7 U f e ' IUlar (SUGh as Chlamvdomonas; Figs. 11-59 and 

H-61), others multicellular (some such as the giant kelps are quite larqel T^ 

Z S e nf * " °" ° f ^ ^ which * ^te^ined latfe 

the nature of the pi gments present in addition to the chlorophyll. For eSml 

!£5r ffi^ pismentis simi,ar to the red ™^ 

As Figure 111-17 indicates, the chloroplast membranes of algae are us,, 
a ly less elaborately developed than in higher plants (see also Fig U-59) T, 
Plasfds are membrane-bounded, and the internal sacs or thy ako ds are 
ranged as long parallel sheets, with several adjacent th^^T^. 
mg more or less closely for substantial distances. (See Section 2 7lT 
groups are sometimes called "lamellae.") Most algae lack the stacked \ rl 
grana characteristic of higher- p.ants (see Figs. 11% and tsO) The pas" * 

croth. °T eS fib , HlS ° f DNA " A P » renoid ' where starch is stored and 

and a pwenoid sac ' which also stores 

The mitochondria may be like those in Figure 111-17 or the crista* m a „ 
be tubular as in many protozoa. The ER is relatively scanty as S H 

°uc,e: u s raS t e d n r lear t^i- The Goisi apparatus °* en ^ ™ £ 

S ♦ *? S ' 'L SeemS hkeIy that mem ^ane from the nuclear envelope 
feeds ,„io the outer surface of the Golgi stack through vesicles, as poiayed in 

S S TT 65 f d peroxisomes hav * not been isolated from' Sgae 
v a u o2 ST!! S haVS b6en reP ° rted by e,ectron ^roscopists. Autophagic 
™u r S6en t0 inCreaSe number in starv «d Euglena the chb 
roplast-containing protist closely related to algae. In Euglena, too the dumber 
of peroxasomes has been shown to increase greatly when the algae are Sed 

vXto s^h^^h'e " t0 WitH aC6tate ° r a,C0h01 ' -SS-ting to the in 
vestigators that the peroxisomes may function in lipid and carbohydrate metab- 
ohsm as they do in seeds (Section 2.9.2). In contrast to most higher p anTcet 
paired cenrrioles are present in many algae P ' 

plante, but some do not. The wall surrounding Chlamydomonas, for example, 

coaUhan^S e ' nS n an f d ^ ""I™' tt m ° re resembles an 

coat than a typical wall of a higher plant. In certain algae the cell walls show 

specked plaquelike scales. Small vacuoles, derived from the cXaDPa 

2? th anSr T ^ SCa l 6S , and ° ther matedal t0 the ceH wa5 S In dia- 

toms, the walls are made largely of silica. 
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Synthetic Signal Peptide and Analogs Display Different Activities in 
Mammalian and Plant in Vitro Secretion Systems* 
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The biological properties of four chemically synthe- 
sized signal peptides were compared in mammalian 
(rabbit reticulocyte) and plant (wheat germ) cell-free 
protein secretion systems. The precursor-specific re- 
gion of bovine pre-proparathyroid hormone (prepro- 
PTH), [D-Tyr-(+l)]preproPTH-(-29-+l)amide, and a 
sulfur-free analog, [Nle-(-25), Nle-(-21), Nle-(-18), 
Ala-(-14), D-Tyr-(+l)]preproPTH-(-29-+l)amide, 
inhibit the processing of an unrelated precursor pro- 
tein (pre-prolactin) to its mature secreted form (pro- 
lactin) in the mammalian system. In the plant system 
supplemented with signal recognition particle, the sig- 
nal peptides arrest translation of both secretory (pre- 
prolactin) and cytoplasmic (globin) proteins. One ana- 
log, [Nle-(-25), Nle.(r2i), Asp-(-18), Ala-(-14) f D- 
Tyr-(+l)]preproPT^ inhibits pre- 

protein processing;in;the*mammalian system but fails 
to induce translation- arrest in the plant system. A 
truncated peptide; [N a -AcLeu-(- 17), Ala- (-14), D- 
Tyr-(+l)]preproPTH'-(^i7-+l)amide, lacking the N- 
;erminal (positively; charged) region and a portion of 
the hydrophobic core region, is inactive in both sys- 
tems. These studies demonstrate that the chemically 
synthesized signal region of a precursor protein inter- 
acts directly with'si^ar-^b^nitioii particle and func- 
tionally mimics tH^ proposed properties of a native 
signal sequence linlce'd :: a - x nascent protein as it 
emerges from the .ribosome during biosynthesis, and 
an analog of the'^iga^7-^PM^ e reveals fundamental 
differences betweeri^the ; components involved in the 
protein secretion apparatus-in mammals and plants. 




A number of secretory_;preproteins, lysosomal proteins, and 
integral plasma membrane: proteins have been shown to in- 
teract with the signal recognition' particle (SRP) 1 in order to 
be correctly translocated^across-the rough endoplasmic retic- 



* The costs of publication of this article were defrayed in part by 
the payment of page charges.. This article must therefore be hereby 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. - 

t To whom reprint requests should be addressed. 

'The abbreviations used are: SRP, signal recognition particle; 
RER, rough endoplasmic reticulum; RM, canine pancreatic rough 
microsomal, membranes; K-RM, salt-washed RM; pre-Prl, preprolac- 
tin; Prl, prolactin; PTH, parathyroid hormone; native-sequence pep- 
tide, [D-Tyr-(+l)]preproPTH-(-29-+l)amide; sulfur-free peptide, 
[Nle-(-25), Nle-(-21), Nle-(-18), Ala-(-H), D-Tyr-(+l)]prepro- 
PTH-(-29-+l); truncated peptide, (N*-AcLeu-(-17), Ala-(-14), D- 
>r-(+l)]preproPTH-(-17-+l)amide; Asp-substituted peptide, 
^M-25), Nle-(-21), Asp-(-18), Ala-(-14), D-Tyr-(+l)] 
preproPTH-(-29~f-l)amide; Nle, norleucine; SDS-PAGE, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis; preproPTH, pre- 
proparathyroid hormone. 



ular (RER) membrane (1, 2). SRP has been postulated to 
possess at least three discrete activities critically related to 
the physiological secretion of proteins by cells. First, SRP is 
thought to bind the signal sequence of nascent proteins as it 
emerges from the ribosome (3, 4). Second, this interaction of 
a signal sequence with SRP leads to the formation of an SRP - 
ribosome complex which specifically inhibits further transla- 
tion of precursor protein (5). Third, SRP is recognized by an 
SRP receptor (6-8) or docking protein (9) in the RER mem- 
brane. This latter interaction presumably initiates and orients 
the attachment of the ribosomes to the RER membrane, 
establishing the required spatial arrangement for protein co- 
translational translocation across the membrane and revers- 
ing the translational arrest which was in effect (5-9). 

The phenomenon of SRP-mediated translation arrest has 
so far only been detected in vitro in a heterologous system 
employing plant (wheat germ) ribosomes and mammalian 
(canine) SRP. In homologous mammalian systems, such as 
the rabbit reticulocyte lysate or HeLa cell-free systems, no 
such SRP arrest of protein elongation has been observed (10). 
However, SRP appears to be endogenous to mammalian ly- 
sates and causes translational arrest of precursor proteins 
when added to the wheat germ system (9). Therefore, it is 
unclear what role SRP plays in the translation of secretory 
proteins in the mammalian system. Although the SRP-medi- 
ated translation arrest is not required for protein transloca- 
tion across the RER in vitro (11), it has been suggested that 
it occurs physiologically, thus preventing completion of bio- 
synthesis of secretory proteins in the cytoplasm (2). 

In order to study the biological properties of the signal 
region of a precursor protein and its interactions with com- 
ponents of the mammalian and plant cellular secretory ap- 
paratus, we chemically synthesized the precursor-specific re- 
gion of bovine pre-proparathyroid hormone, [D-Tyr-(+l)J 
preproPTH-(-29— K)amide, and three analogs of this se- 
quence {Table I). 

In the reticulocyte lysate,* the native-sequence signal pep- 
tide was previously demonstrated to competitively inhibit the 
translocation and processing of bovine pre-proparathyroid 
hormone, bovine pre-prolactin, and human pre-placental lac- 
togen (12). The finding that a synthetic signal peptide of one 
protein could inhibit the translocation and processing of 
unrelated precursor proteins, derived from differing organs 
and species (i.e. that it competes for recognition of a compo- 
nents) of the eukaryotic secretory apparatus), indicated that 
the synthetic signal peptide shares common conformational 
features and functionality with other native signal sequences. 
Others also reported a similar observation using a consensus 
signal peptide in the same assay , system (13). However, it 
remains to be determined at what level and with what specific 
component(s) of the secretory apparatus the synthetic signal 
peptide exerts its effect. The synthetic signal peptides could 
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interact with either SRP or another membrane-associated 
romrjonent in the mammalian system. n_„,v oa * 
Since the activity of SRP can only be assayed m the wheat 
, e fm system, we examined the properties of the synthetic 
Se-sequence signal peptide and its analogs ,n tins system^ 
f n addition, we compared the biological properties of these 
^al peptides in the plant system to the mammah a n system. 
nSdies indicate that synthetic signal peptides can func- 
Sonally mimic the biological properties of native signal re- 
is present in nascent precursor proteins as they emerge 
from the ribosomes and that they can interact Meetly with 
SRP even when unattached to a nascent precursor protein 
Furthermore, the biological properties of one of the sjrnWc 
Lptide analogs reveals differences in the nature of the mam- 
San www the plant protein secretory apparatus These 
SSS are Lussed in relation to the current working hy- 
Shesis (1, 2) for the mechanism of cellular protein secretion. 



EXPERIMENTAL PROCEDURES 
/„ Vitro Transition/Processing Assay-**bb\t J^icul^yte lysate 
(New Sand Nuclear) and wheat germ lysate (Bethesda Research 
Curator es) cell-free translation systems were used as descried by 
Suppliers ["^Methionine (New England Nuclear) was used at 

at' "ei/Sin "he wheat germ system. SRP was P-fied from ^anine 
Pancre^ic microsomes using a ^ 0 ^to!T a ^dB^ 
Lucrose gradient according to the procedure of ™K r a ™ B '™ 
Tn tto study, purified SRP (9.5 ^g/ml) was added to the wheat 
ilrm translation system in a nonsynchronized fashion, since 7- 
methygurnosneS^^ 

TynS (5)- Canine pancreatic rough microsomal membranes (RM) 
»nd salt-washed RM (K-RM) were prepared as described (16). All 
iSlTS-iitto- were treated fh suphylococcal nucUa* 
(Boehringer Mannheim). RM were used at 0.3 and 1& umts/ml 
n the reticulocyte and wheat germ lysates, respectively. K-RM were 
u^ed at 0 s Z units/ml in both lysates. The peptide concentration 
uled fn the biTassays was calculated from the peptide content deter- 

• Iti^ ofaSnof K-RM and synthetic signal peptides 
to to S mixtures was found to be critical in ^hea £m 
' "svstem but not in the reticulocyte system. Unless otherwise > s *™' 
ynihetic signal peptide and/or SRP were added first to the wheat 
germ lysate and were incubated for 5 mm ^^ZmLTd 
added. Protein synthesis was initiated by addition and 
incubation at the appropriate temperature. T 7 nsl ™tT 5 'Cfor 
formed for 1 h at 37 'C for the reticulocyte ^^^^Z 
the- wheat germ system. Reactions were stopped by the adoit.on 
1% sodium dodecyl sulfate (SDb) and boiling toibmm. 

Svnthesis and Purification of Synthetic Signal Peptides-[D-Tyr 
-SfprSro^TH-l-zLnamide (native-sequence peptide) was syn 
-.esized and purified as previously described W}^™'}™:"* 
..-21), Nle-(-18), Ala-(-141. D -Tyr-<+l)lpreproPTH-(-29-+l)am 



ide (sulfur-free peptide) was synthes.zed on a " Appl^Biosystems 
430A automated peptide synthesizer and purified on . . ^VydacJ C-4 
high performance Uquid chromatography column using a 35-41% 
Sous acetonitrile (containing 0.1% ^ OIoaC ^fSSd 
The sulfur-free peptide was rerun on the same column and eluted 
Sr Sy as aVngle peak at 37% acetonitrile. A *»*£P*** 
lacking the positively charged N terminus and a Portion^ of the 
hydrophobic region, (N"-AcLeu-(-17), A a-(-14). D Tyr(+Dl 
D reDroPTH-(-17-+l)amide (truncated peptide) was isolated as a 
mTnor ^Suct from the synthesis of the sulfar-free peptide. The 
Seated peptide was purified using a Vydac C-4 column and a 28- 
U% acetonilrile gradient. It was then further purified usmg^n 
isocratic (28% acetonitrile) ^ ution An ana og of the s^fur-tae 
rwi« f_9*\ Nle-f-21) Asp-(-18) ( Ala-(-14), D-iyr-i+iM 
SSroFTH--29-i 

negatively charged aspartic acid substitution within the , hydrophobe 
reriorof the s g igna l sequence. This peptide was synthesized m a 
XlL manner to that described for the sulfur-free peptide. It was 
v^fied o "a Vydac C-4 high performance liquid chromatography 
Column wlih a 29-36% acetonitrile gradient and with an isocratic 
(36% acetonitrile) elution." „„„i„„:<. 
For each peptide, amino acid composition and sequencing ^analysis 
was performed Amino acid sequences indicated a peptide, pun* of 
>95% for all peptides. The truncated peptide could not be directly 
examined by sequence analysis since it had a blocked N terminus. 
HoTev^r amin^acid analysis of each tryptic fragment of this peptide 
mdicatedX presence of the expected sequence. Furthermore, we 
had evidence that the N terminus of this peptide was acetylated, and 
to m^lecullr mass determined by mass spectroscopy^ with 
that predicted for to acetylated species. 
Sod urn Dodecyl SuSfate-Polyacrylamide Gel 

Total proteins from cell-free translation/processmg-assays 
PAGB-Totel promns iro visuaUz ed- by lautpradiograRhy. . 

and exposed to SB-5 x-ray film (Eastman Kodak^at . 
of protein synthesis was roughly quantised by ™ 
density of each protein band on the x-ray film us.ng a.Hoefer GS 300 
Scanning Densitometer. . j'i 

RESULTS 



Activity of the Synthetic Signal Peptide^-the^heat Gerp 
and the Rabbit Reticulocyte Systems-^r^o^ id se, , 
quences of all the synthetic signal P e P tldes ^^%^- 
are shown in Table I. Earlier reports froto^.^^J2>- 
have demonstrated that the ^^^^f**^'- 
inhibits the conversion of pre-prolactin (P-^g^g 
(Prl) and causes an accumulation of pre-Prl in the rabbit 
Sculocyte lysate supplemented with RMr 
sulfur-free analog was demonstrated to display the. same ac- 
"vitv a a comparable concentration as the; nauye^ce 
peptide (Fig. LA). At a concentration of 3 iiM.dhe sul^r-free 
peptide do! not affect the biosynthesis ^ 
and 2) but inhibits the conversion of pre-Prl-to-P ; rl (lane? J 
and 4) in the presence of RM. This inhibition of processing 



Table I 



Amino acid sequences 



of the synthetU signal peptide and analogs of bovine pre-proparcthyroid hormones 



Abbreviated Name 



native-sequence 
sulfur-free' 2 ' 
truncated' 3 ' 
Asp-substituted 



Amino Acid Sequence 



(D)-TyrCONH; 

H N Nle Nie- - Nle Ala 



Nie 



Ac-HN Ala 

- - Asp — Ala 



(D)-TyrCONH, 
(Ol-TyrCONH, 
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B 



pre-Prl 
Prl 



Glo 





pre-Prl— » 

GH 



Glo— 



Fig. 1. Synthetic signal peptide of bovine pre-proparathy- 
roid hormone inhibits processing of pre-prolactin in the rabbit 
reticulocyte lysate. Cell-free translation of bovine pituitary mRNA 
(1.5 ;xg/ml) in rabbit reticulocyte lysate was carried out as described 
under "Experimental Procedures." Total translation products were ■ 
separated on SDS-PAGE and visualized by autoradiography. Arrows" 
indicate the positions of pre-prolactin {pre-Prl) and prolactin .(Pr/). 
The presence (+) or absence (— ) of various components added tp the 
reaction mixture is indicated above each lane. A, biosynthesis^of-prev* 
Prl was in the absence (lane 1) or presence {lane 2) of 3 /.sulfur/; '-\ 
free signal peptide (SP). In the presence of RM (0.3 Aw units'/ml), - 
processing of pre-Prl to Prl was examined without [lane 3) and with . 
"nne 4) 3 mm "of sulfur-free peptide. Positions of globin. (Glo). and' a 
\er molecular weight protein (*), which bound [^S] methionine 

' specifically, are also marked. B, translation and processing of pre- . ; 
. i i were as described in A, except that 10 nM truncated signal. peptide " 
was added in lanes 2 and 4. 

' * . " - * — t > ■ 

was demonstrated to be signal peptide -specific, since ^tHe^ 
truncated peptide, which lacks the N -terminal positive^ cjti^rgie^ 
and a portion of the hydrophobic region, failed to ,'infiiUit ^ 
processing of pre-Prl to Prl at a concentration as high'a^lS:^ 
fiM (Fig. 15, lanes 1-4). Other unrelated peptides,' sucfilas?^ 
glucagon and fragments of PTH : (bPTH-(l-34) and HPTH^! 
(28-54)) also failed to inhibit processing of pre-Prl vtV Prl" ! 
( data not s hown ) . " ' I ^ ^ : w ^ 

In contrast to the reticulocyte system, the native- sequence m 
and the sulfur-free peptides did not inhibit processing^of' 
precursor protein to its mature form in the wheat, germ ' . 
translation system supplemented with identical KM,' "As.. ; 
shown in Fig. 2.4, 9 of native-sequence signal peptide did; 
not cause an accumulation of pre-Prl (lane 4). 

Synthetic Signal Peptides Cause an Irreversible SRP~de- 
pendent Translation Arrest — Purified SRP was assayed in the 
wheat germ translation system in the presence or absence of 
synthetic signal peptides. In the absence of signal peptides, 
SRP caused a specific translational arrest of pre-Prl, a secre- 
tory protein, but had no effect on the biosynthesis of globin, 
a nonsecretory protein (Fig. 2A, lane 5; Fig. 2B, lane 2). Since 
canine SRP was added in the translation mixture in a non- 
synchronized fashion, it did not completely inhibit the bio- 
synthesis of pre-Prl in this experiment. However, this trans- 

*on arrest was reversed when K-RM were added back to 
lysate (Fig. 2A, lane 7). 

When either 9 jzM of the native-sequence peptide (Fig. 2A, 
lane 6) or 6.7 /iM of the sulfur-free peptide (Fig. 2B, lane 3) 
was added to the wheat germ in the presence of SRP, synthesis 
of both pre-Prl and globin was completely inhibited. As de- 
scribed under "Experimental Procedures," we have found that 



Fig. 2. Synthetic signal peptide inhibits translation of glo- 
bin in the presence of signal recognition particle in the wheat 
germ lysate. Bovine pituitary mRNA (15 jig/ml) and globin mRNA 
(0.6 jig/ml) were translated in the wheat germ lysate, as described 
under "Experimental Procedures." Unless otherwise stated, signal 
peptide and SRP (9.5 /ig/ml) were added to the translation mixture, 
on ice, and incubated for 5 min. RM (0.5 A^ unit/ml) or K-RM (0.5 
A 280 unit/ml) then were added. Protein synthesis was initiated by 
addition of mRNAs and incubated at 25 °C. Arrows indicate the 
following translation products: pre-Prl, Prl, pre-growth hormone (pre- 

. QH), growth hormone (GH), and globin (Glo). The presence (+) or 
absence (-) of signal peptide (SP), SRP, and, K-RM are indicated 
above each lane. A, native-sequence signal peptide (9 /zm) was used in 

~ this experiment. Translation was performed without (lane 1) or with 
(lane 2) signal peptide. In the presence of RM, translation was without 

* (iane' 3) or with (lane 4) signal peptide. SRP was added to the 
translation mixture without (lane 5) and with (lane 6) signal peptide. 

( Lanes 7 and 8 are the same as lanes 5 and 6, respectively, except that 

* K : RM was included prior to the addition of signal peptide. B, sulfur- 
free signal peptide (6.7 pM) was used in this experiment. Translations 
were carried out without (lane 1) or with SRP (lane 2) or with SRP 
and signal peptide (lane 3). Lanes 4 and 5 are identical to translation 
mixture described in lane 3, except that K-RM were added at 5 min 
(lane 4) or 0 min (lane 5) after initiation of protein biosynthesis. C, 
truncated signal peptide (30 /im) was used in this experiment as a 

^control. Translation of pituitary mRNA and globin mRNA in the 
r *wheat germ lysate in the absence (lanes 1 and 2) 'or. presence (lanes 3 
: and 4) of SRP. Signal peptide was included in lanes 2 and 4. 
■ 

the inhibition of protein synthesis was observed, when SRP 
-arid'the signal peptide were preincubated/even on ice, with 
-the wheat germ lysate prior to the addition of mRNAs. If K- 
--RM were added to the SRP-containing lysate prior to the 
•addition of the sulfur-free signal peptides, protein synthesis 
was not inhibited (Fig. 2A, lane 8). Similarly, if K-RM were 
.added at time 0 (Fig. 2B, lane 5), 30 sec. 1 min; or 2 min after 
initiation of protein synthesis at 25 : C. the synthesis of Prl 
and globin was normal. However, addition of K-RM 5 min 
after initiation of protein synthesis could no longer reverse 
the inhibition of Prl and globin synthesis (Fig. 2B, lane 4). 
"The specific effect of the native-sequence and sulfur-free 
signal peptides in the wheat germ system was demonstrated 
by the failure of the truncated peptide (30 tiM) to inhibit 
globin synthesis (Fig. 2C, lane 4). 

The Synthetic Signal Peptide/SRP Translation Arrest Is 
Dependent on the Length of the Nascent Chain — To study the 
relationship of peptide elongation and the translation arrest 
activity of the synthetic signal peptide, sulfur-free signal 
peptide (6.7 /im) was added to the SRP-containing wheat 
germ lysate at time 0, 30 sec, 1, 2, 5 ; 10, and 20 min after 
initiation of globin synthesis (Fig. 3, lanes 2-8, respectively). 
As compared to the control amount of globin synthesis in the 
absence of the signal peptide (Fig. 3, lane 1), the addition of 
the signal peptide at 0, 30 sec, or 1 min after initiation of 
translation could inhibit approximately 90% of globin synthe- 
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Fig. 3. Effect of peptide elongation on the translation arrest 
activity of the synthetic signal peptide in the wheat germ 
lysate. Globin mRNA (0.6 fig/ml) was translated in the presence of 
SRP (9.5 jxg/ml) in the wheat germ lysate as described under "Exper- 
imental Procedures." Total translation products were separated on 
SDS-PAGE and visualized by autoradiography. Lane 1, control globin 
synthesis in the absence of signal peptide. Sulfur-free signal peptide 
(6.7 mm) was added to the translation mixture at time 0, 30 sec, 1^2, 
5, I0 t . and 20*min {lanes 2-8, respectively) after the initiation of 
synthesis. 

sis (Fig. 3, lanes 2-4). After 2-5 min of peptide elongation, 
the signal peptide inhibited only -40-60% of globin synthesis 
(Fig. 3, lanes 5 and 6). After 10-20 min of peptide elongation, 
the signal peptide had virtually no effect on globin translation 
(Fig. 3, lanes 7 and 8). 

Synthetic Signal Peptides Do Not Cause an Inhibition of 
Protein Translation in the Rabbit Reticulocyte Lysate, Even in 
the Presence of Exogenously Added SRP— Other workers have 
demonstrated the presence of endogenous SRP-like activity 
in the rabbit reticulocyte lysate and the failure of exogenously 
added SRP to arrest translation of secretory proteins in this 
system (9). The finding of an irreversible inhibition of trans- 
lation of pre-Prl and globin by signal peptides plus SRP in 
the wheat germ system prompted us to examine the effects of 
these peptides in the reticulocyte system supplemented with 
canine SRP. Fig. 4 (lanes 1 and 2) demonstrates that exoge- 
nously added SRP had no effect upon biosynthesis of pre-Prl 
in the absence or presence of sulfur-free peptide (6.7 ^m). 
- Furthermore, the same concentration of this peptide still 
-inhibited processing of pre-Prl to Prl in the presence of canine 
SRP and K-RM (Fig. 4, lane 4). Similar results were obtained 
with the native-sequence signal peptide (data not shown). 

A Negatively Charged Amino Acid in the Hydrophobic Core 
of the Signal Peptide Causes Loss of Recognition by SRP, but 
Retains the Property of Inhibiting Processing— An Asp-sub- 
stituted analog has a substitution of aspartic acid for methi- 
onine at position (-)18 in the center of the hydrophobic 
region of the signal sequence (Table I). In the reticulocyte 
lysate system, this analog was demonstrated to retain signal 
peptide activity; namely, the peptide inhibited precursor pro- 
tein processing and caused the accumulation of pre-Prl (Fig. 
5, lanes 5 and 6), and this peptide had no effect on protein 
biosynthesis (Fig. 5, lanes 2 and 3). The Asp^substituted 
analog is approximately one-half as potent in inhibiting pro- 
tein processing as the native-sequence or the sulfur-free pep- 
tides, since 5.2 fiM of the Asp-substituted analog (Fig. 5, lane 
6) was required to obtain a comparable degree of inhibition 
in pre-Prl processing as 3 nM of the sulfur-free peptide (Fig. 
2A, lane 4). However, it is important to note that formal 
comparisons of potencies have not been generated for each of 
the peptides used in this study. 

When the Asp-substituted analog was assayed in the wheat 
germ system in the presence of SRP, there was no effect on 
globin synthesis (Fig. 5, lanes 11 and 12; 5.2 and 7.8 nM of 
peptide, respectively). We have titrated the Asp -substituted 
signal peptide to 26 pM with no detectable translation arrest 
activity in the wheat germ system (data not shown). 



K-RM 
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SP 



pre-Prl 
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Fig. 4. Effect of synthetic signal peptide in the reticulocyte 
lysate supplemented with signal recognition particle. Bovine 
pituitary mRNA was translated in the reticulocyte lysate as described 
in Fig. 1. In the presence of added canine SRP (9,5 jig/ml), transla- 
tions were carried out without {lane 1) or with {lane 2) sulfur-free 
signal peptide {SP) (6.7 /iM). In the presence of K-RM, translations 
were without {lane 3) and with {lane 4) signal peptide. The presence 
(+) or absence (-) of individual components is indicated above each 
lane. 
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Fig. 5. Asp-substituted signal peptide inhibits processing of 
preprolactin in reticulocyte lysate but fails to inhibit S^bin 
synthesis in wheat germ system. Translation of pituitary mRNA 
in the reticulocyte lysate was carried out, as described in Fig. 1, in 
the absence (lanes 1-3) and presence (lanes 4-6) of RM. Asp-substi- 
tuted signal peptide was included at 2.6 ?M (lanes 2 and 5) or 5.2 mm 
(lanes 3 and 6). Translation of pituitary mRNA and globin mRNA m 
the wheat germ lysate was as described in Fig. 2 in the absence (lanes 
7-9) and presence (lanes 10-12) of SRP. Asp-substituted signal pep- 
tide was included at 5.2 jiM (lanes 8 and 11) or 7.8 n*l {lanes 9 and 
12). The presence (+) or absence (-) of various components added to 
the reaction mixture is indicated above each lane. SP, signal peptide; 
Gfo, globin. 
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The chemical synthesis of the signal sequence of parathy- 
,id hormone enables a direct examination of the biological 
properties of this specialized sequence when it is not contig- 
uous with the remainder of the nascent precursor protein. 
The generation of analogs of this signal peptide permits 
structure-activity studies for various events in protein secre- 
tion in which a signal peptide is thought to play an important 
physiological role. Furthermore, in this study, such analogs 
were used to explore the nature of the differences between 
the mammalian and plant secretory apparatus. 

The biological properties of the native-sequence synthetic 
signal peptide of PTH and its sulfur-free analog in the retic- 
- ulocyte lysate (their ability to inhibit the conversion of pre- 
Prl to its mature form) demonstrate that synthetic signal 
peptides compete with a native precursor protein for specific 
sites or components of the secretory apparatus. These obser- 
vations were made using PTH-related peptides (12) and using 
a consensus signal sequence (13) in the rabbit reticulocyte 
lysate translation/processing system. A likely and plausible 
site of action of the signal peptides in this system is the RER 
membrane. If this were the case, then inhibition of processing 
'should also be seen when RER membranes are utilized with 
a different translation system. However, when these peptides 
were added, to a plant (wheat germ); translation/processing 
system, in the presence of the same canine microsomal mem- 
branes, no inhibition of processing was observed. It therefore 
seems unlikely that the" synthetic signal peptide is inhibiting 
processing by interacting directly with the microsomal mem- 
brane. 

Since the synthetic signal peptides apparently do not inter- 
act with the membrane, they might interact with a soluble 
component which was required for protein secretion prior to 
the membranous site. A likely candidate for this component 
would be SRP. In the wheat germ system, SRP was demon- 
strated to interact with the signal sequence of pre-Prl as it 
emerged from the ribosome and arrested the polysomes from 
further translating pre-Prl mRNA (3-5). In support of the 
direct binding of SRP to a signal sequence of a nascent 
protein, other workers have shown that the signal sequence 
of pre-Prl can be cross-linked to the 54-kDa SRP subunit (19, 
20). Thus, in this study we investigated the interaction of the 
synthetic signal peptides with SRP. 

Addition of either the native-sequence synthetic signal pep- 
tide or its sulfur-free analog to the wheat germ translation 
system supplemented with SRP caused translation arrest 
not only of the secretory protein, pre-Prl, but also of the 
cytoplasmic protein, globin. The arrest of globin synthesis 
strongly suggests that the synthetic signal peptide can bind 
directly to SRP and induce the formation of a signal peptide- 
SRP -ribosome complex. This complex, in turn, produces a 
specific translation arrest even of mRNA for a cytoplasmic 
protein. This observation further suggests that the signal 
peptide -SRP -ribosome complex very, closely resembles the 
complex formed as a native signal, sequence (contiguous with 
a nascent protein) emerges from the ribosome. These data 
also indicate that the synthetic signal peptide adopts a con- 
formation similar to a native signal sequence. 

Unlike the SRP-induced inhibition of secretory protein 
biosynthesis, which can be reversed by the addition of K-RM 
(5), the synthetic signal peptide/SRP -dependent translation 
arrest cannot be readily reversed by the addition of K-RM. 
In order to prevent translation arrest, K-RM and SRP must 
be reconstituted in the wheat germ lysate prior to the forma- 
tion of the synthetic signal peptide • SRP • ribosomal complex. 
The formation of this complex becomes irreversible after 5 



min at 25 °C, since addition of K-RM at this time did not 
release the synthesis of pre-Prl and globin. Therefore, in the 
absence of K-RM, SRP associates with ribosomes in a config- 
uration which favors a tight interaction with the synthetic 
signal peptide. In the presence of K-RM, SRP appears to be 
preferentially membrane-bound. It is not certain whether the 
membrane-bound SRP can still bind the synthetic signal 
peptide. Nevertheless, the inhibitory effect of this peptide on 
protein translation was diminished when SRP was reconsti- 
tuted with K-RM.. 

The inhibitory effect of the signal peptide was also dimin- 
ished if globin was translated for 10 min prior to the addition 
of the peptide. In our hands, the rate of peptide elongation is 
approximately 10 residues/min in the wheat germ translation 
system (data not shown). Therefore, nascent peptides of 100 
residues were made in 10 min. The total lengths of a- and 0- 
globin are 141 and 146 residues, respectively (21). Since 40 
residues are assumed to" be buried within the ribosome (5), 60 
residues are thus exposed and effectively prevent the forma- 
tion of the signal peptide - SRP • ribosomal complex. Since 
globin does not have a contiguous signal sequence, it is likely 
that the exposed 60 residues of globin sterically prevent the 
interaction of the synthetic signal peptide and/or SRP with 
the ribosomes. '] '. 

The translation; arrest activity of the synthetic signal pep- 
tide and SRP in.thejv/heat germ system was investigated at 
37 °C. However^ncXcdnclusipn boul'd be reached since the 
translation efficiencyspE ;-the : . wheat.germ lysate was signifi- 
cantly decreased at this higher temperature (data not shown). 
On the other hand;"the;a"ddition of exogenous SRP and sulfur- 
free signal peptide to the reticulocyte lysate, which functions 
optimally at 37 *C, did not- have: any effect on protein synthe- 



sis. 



Failure to see a translation arrest in the mammalian system 
in the presence of exogenpusly- added SRP, and synthetic 
signal peptides, .concUtions tthat. cause a complete inhibition 
of protein synthesis^ indicates that SRP 

displays different;^ the two systems. This finding 

confirms a previous ^epq (lO)^demonstrating that SRP- 
mediated translMpn^^ in plant but not in 

mammalian, inrM^^miipn systems. The observed change 
in SRP activity m these translation systems can be explained 
in at least two ways^JFirst, SRP may interact differently with 
plant versus mammalian ribosomes, as suggested previously 
by Meyer (10)^S^cpn^^the"rriam'malian system may contain 
an additional factor(s) that interacts with the signal peptide, 
either in conjunction "-with or independently of SRP, and 
which is absent in the plant system. It has already been shown 
(10) that this factor(s), if present, is not a soluble docking 
protein-like molecule. 

Another argument has been suggested that the rate of 
peptide elongation in the reticulocyte is much faster than that 
in the wheat germ system; therefore, the fast rate of synthesis 
prevents the interaction of SRP with the signal sequence as 
it emerges from the ribosomes (22). In this study, we have 
observed that a preincubation of the synthetic signal peptide 
and canine SRP in the reticulocyte lysate, either on ice or at 
37 °C, prior to the addition of mRNA, did not inhibit the 
synthesis of pre-Prl. This suggested that the rate of synthesis 
was unlikely to affect the formation of signal sequence • SRP ■ 
ribosome complex. 

The differences between mammalian and plant systems are 
highlighted by the profile of biological properties displayed by 
the Asp-substituted analog. This analog contains a kind of 
signal sequence modification studied previously in bacterial 
systems (23): the insertion of a negatively charged amino acid 
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within the hydrophobic portion of the LamB signal sequence. 
The mutant pre-LamB protein was not processed or secreted. 
In fact, ceils producing the mutant precursor protein accu- 
mulated not only pre-LamB but also other unrelated precursor 
proteins in the cytoplasm. This finding suggested that the 
defective signal sequence still effectively competed with other 
signal sequences for interaction with component(s) of the 
secretory apparatus. 

The Asp-substituted analog, like the other synthetic signal 
peptides, inhibited precursor protein processing in the mam- 
malian system. In contrast, in the plant system, the Asp- 
substituted analog did not inhibit synthesis of either a secre- 
tory (pre-Prl) or cytoplasmic (globin) protein. This result 
suggests that insertion of a negative charge in the hydrophobic 
portion of a signal sequence interferes with the interaction of 
the signal region with the SRP -ribosome complex and thus 
fails to induce translation arrest. 

The finding that a charge insertion in the signal sequence 
is disruptive to its activity in the wheat germ system, but is 
well tolerated in the reticulocyte lysate, lends further support 
for the suggestion that the signal region may interact with a 
component of the secretory apparatus other than or in addi- 
tion to SRP in the mammalian system. Furthermore, the 
profile of biological properties displayed by the Asp-substi- 
tuted signal sequence in the mammalian system in vitro 
corresponds to the properties observed for this kind of muta- 
tion in vivo: it^oes^not inhibit, translation, but still inhibits 
processing oiA^^Tgcuisorand other nascent proteins (23). 
These observations;^ reinforce, the concept that syn- 
thetic signal peptides: can mimic the conformation of a native 
signal sequence as it, emerges from the ribosome and are able 
to°interact with components of the protein secretory appara- 
tus. ■: ..v,.- -v 

The specificity of signal peptide studies was demonstrated 
by the use of a truncated signal peptide. This peptide failed 
to display any .of e the ; biological properties observed for the 
other signal/peRtides^sed., This finding is consistent with in 
vivo studies vi^^icr^a minimum hydrophobic chain length 
(24) or an N;tVrminal ^positive xharge (25, 26) on the signal 
sequence are % re%ir ; ed r for protein translocation. 

In conclusion;^ properties observed for 

the chemicailvWnthesized signal peptide of pre-proparathy- 
roid hormoneTand'.sbme'pfjts analogs and the suggested 
presence of a factor(s) in addition to SRP involved in the 
secretory apparatukpf the reticulocyte lysate system are con- 
sistent with the.multipie and sequential functions thought to 
be served by t signar.regipns.i>i vivo. Signal regions are first 
thought to inte tact, with SRP to promote a ribosome-SRP 
interaction, perhaps .leading to translation arrest. However, 
once the ribosome --SRP complex interacts with a SRP recep- 
tor or docking protein on the RER, the signal region must 
dissociate from, SRP in order to permit translocation of the 
nascent precursor protein across the RER membrane. This 
translocation process can occur in the absence of translation 
(27-29) and may be facilitated by the interaction of signal 



peptide with other elements of the secretory apparatus. Given 
the complexity and sequential nature of these events, it is 
perhaps not unexpected that a subtly modified analog of the 
signal region might possess some, but not all, of the activities 
of an authentic signal region. 
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4332 Staining of the endoplasmic «*i«ilnni bv the fluorescent dye, 

ninr w .nri hv an »niibodv io BiP . M Tcrwaki T . S . R«5C - 
Laboratory of Neurobiology. N INCUS, NIH at Woods Hole. 

Individuil celt, of a monkey kidney epithelial cell line (CV-1) were 
filed lightly with 0.025% glutaraldehyde. stained by the fluorescent dye 
DiOC«3>. photographed, post-fixed withhold methanol then P<«esKd 
for immunofluorescence with a rat monoclonal antibody to B.P {Bole et 
al J Cell Biol. JJHH558). a protein in the ER. The peripheral networks 
co-localized by the dye and by immunofluorescence were identical. 
Since BiP is present in the rough but not smooth ER of lymphocytes and 
liver cells (Bole ei al. in • preparation), and is present in nerve cell 
bodies but not axons (Bridgman. pers. comm.). these results suggest thai 
the ER in the periphery of CV-1 cells is rough ER. Thus, the ER in the 
CV-1 and possibly. other cells is pervasively distnbuted. Since 
essentially all membranes (both lipid and protein components) are 
thought to be synthesized in the ER. the ER can be thought of as a 
membrane synthesizing compartment distinct from the endo- and 
exocytic pathways. If this prc-Golgi membrane synthesizing 
compartment forms as and remains a continuous compartment, then n 
will grow by expansion, accounting for the continuity of ER membranes 
we have defined in CV-1 cells. Eitension of these membranes may 
depend on attached motors which move towards the + end ol 
microtubules (Terasaki et al.. J. Cell Biol. HUil5S7. Dabora and Shcctz. 
Cell ilj.27). The resulting single, interconnected compartment 
distributed throughout the cell could play a role in regulating and 
coordinating activities al the level of the whole cell by. for example, its 
ability to transport ions or other molecules across its membranes which 
could then diffuse to other regions of the cell. 
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A CQHSTITUEHT of A Ca-A«4M rCOJ^AlHlM^CAiayiE : JL_ 
John7c^_Be^ 1 aj^OIlP 1 *. ^""n Univa " i ^, 
iiedieine. 2 Edith Horse Rogers Memorial VA Hospital. G.R.E.C.C. 

Usin? a Ca-oxaUte density shift method «e have isolated a 
aeabrane fraction from bovine brain that contains a CaATPase and a 
58,000 H r protein (CBP-53) sioilar in soDe respects to ouacle- 
calsequestrin- (Csq). Ve have isolated CBP-53 using iinon exchange ■ 
and hydrophobic chromatography . bik* Csq, it has an acidic pi 
(4.7) containing JOV glu and asp. 9Y SDS-PACE at pH 8.3 its H is 
58 fcC. while at pH 7, it is approximately 52 kD. Vhen SOS-PAGE are 
stained with the carbocyanine dye.' Stains-Ali. CBP-?3 eppaars as a 
blue band. -This eclor is not due to the prtsenoe of sialic acid' 
residues or phosphate groups. CBP-53 elutes from DEAE-ce llulose 
between 350 and 425 ail HaCl. Unlike Csq. CBP-53 binds r 0 phenyl- 
sepharoso in the presence of lO.sXi CaCl,, and elutas with EGTA. 
The latino acid composition of this protein is sicilar to neither 
Csq, CA8-6J (calregulinl , nor the calalectrins. 

In terns of its cell biology, when brain Picrosoiaos ars 
incubated in the presence of potassiun oxalate.. CaCl^. XgClj. and 
ATP. CBP-53 sedir-ents with leabvanes that contain i CaATPase. It 
is released froc; these membranes by neither freezing and thawing, 
no:- by washing in 1 :i HaCl; but by treatment with 0.1 'A Na-jCOj at 
pH 11.3. When brains aicrosones are treated with tfypsm, a bins- 
staining band of 53 fcD is spared digestion unless Triton X-100 is 
presen:. We propose that CBP-53 is a constituent of the lumen of 
the saooth endcplascic reticulum, and that u serves to bind 
calcium within the organelle which- in axons is known to sequester 
calciua. This work is supported by KIA AC05394-16 t? REF. 



4333 h there a BiP-i j w* nrntein in thf endopla s m i c , m i lium of Plant ce lb ? 
J-A- Miernvk . Seed Biosynthesis Research Unit. USDA, ARS. Northern 
Regional Research Center. 1815 North University St.. Peoria. IL 61604 

Immunoglobulin heavy-chain binding protein (BiP. also called GRP-78) is 
a member of the HSP-70 family of heat-shock related proteins. Within the 
lumen of the ER there is a tight binding of BiP to incompletely or incorrectly 
assembled proteins. Due in part to its abundance in secretory cells, it has also 
been suggested that BiP may play a role in the normal assembly of secreted 
proteins. Maize endosperm cultures are quite active in the extracellular 
secretion of acid hydrolases, and electron microscopy of the cultured cells 
revealed a well developed endomembrane system. This combination of features 
provides an excellent system for molecular characterization of the secretory 
pathway in plant cells. One aspect of the characterization is the search for a 
BiP-like protein. Maize endosperm microsomes analyzed by SDS-PAGE, 
contain an abundant soluble protein of Mr 76.000; slightly smaller than 
mammalian BiP. The maize protein will bind to immobilized ATP. a 
characteristic of BiP and other HSP-related proteins. Monoclonal antibodies 
against mouse BiP were used to probe total microsomal proteins from rat liver 
and maize endosperm. These antibodies gave a positive signal with BiP from 
the rat membranes but not with any protein from maize. The effects of 
treatment with A23187 or tunicamyctn. compounds that stimulate the synthesis 
of BiP in mammalian systems, will be reported. 



4334 Are There Two Distinct Protein Qisulfide Isom erases in the 
ER? M Srinivasan S. Hauoeiorden. R.A. Mazzarella. and M. Gre en. 
Saint Louis University School of Medicine; SL Louis. MO 63104 

We have isolated full-length, expressible cONA clones for murine 
protein disulfide tsomerase (PD1) and ERp72. an abundant luminal 
protein of the ER. A comparison of the sequences of these two 
proteins revealed that ERp72 contains three copies of the 
sequences that are thought to function as the active sites of POI. 
Thus. ERp72 appears to be a newly identified member of the PD1 
family. At present, we are trying to determine whether ERp72 has 
protein disulfide isorherase activity. PDI posses the C-terminal 
sequence KDEL while the C-terminal sequence of ERp72 is KEEL 
In order to determine if these sequences act as ER retention 
sequences for these proteins, we have constructed mutants of PDI 
and ERp72 which lack these sequences. The sorting fate of the 
mutant proteins is being determined in transient expression studies 
in COS cells. 



4335 Coupled Induction of Secretory Proteins a nd Intracellular 
Co mpartments Involved In the Secretory Pa thway In AR4-2J Cells by 
Glucocorticoids. C.A. Scheele, V. Stelnhilber , B. Swarovsky , and 
iTT Kern Lab. of Cell and Molecular Biology, The Rockefeller 
University. Hew York, NY 10021 and Dept. of Cell Biology, PhiUpps 
University, Harburg. FRC (Spon. by G. Scheele) . 

- Treatment of AR4-2J cells with 10 nM dexamethasone for 96 
hrs led to an Increase in Intracellular compartments responsible 
for synthesis, packaging and storage of secretory proteins and to 
the formation of gap junctions. The 30% increase in cell size was 
exclusively due to cytoplasmic enlargement. Although the 
projection area of the Colgt complex did not significantly change, 
a 30- fold Increase in the area of rough endoplasmic reticulum was 
observed after dexamethasone treatment. Secreclon granules, shown 
to contain pancreatic enzymes by Immunocycochemistry, were 
observed only after treatment with dexame chasone . The observed 2- 
fold increase In total protein synthesis was accounted for by 
Increases In the synthesis of pancreas -specif Ic enzymes: 
trypsinogens, 15- fold; amylase, 10- Cold; procarboxypeptidases, 8- 
fold; and chymocrypsinogens . 4- fold. A i-5 fold Increase In mRNA 
concentrations was observed by dot -blot hybridization of total 
cellular RNA using cDNAs for amylase, anionic crypsinogen and 
lipase as probes. The data indicate thac dexamethasone in AR4-2J 
cells may act on both Che transcriptional and translational 
levels. Recent data on the early effects of hormone treatment 
show an increase of mRNA levels for the secretory enzymes within 
3-6 hrs after exposure to dexamethasone. W« conclude that Che 
pancreatic acinar AR4-2J cell line Is a suitable model for 
studying the mechanisms involved In differentiation of pancreatic 
epithellaL cells. 



4336 Tha Structure and Sorting of F- Ro " an Abundant 
rcy-n pmtein of the RER. R A Mazzarella and M. Green. Saint 
Louis University School of Medicine; St. Louis. MO 63104 

ERp99 is homologous to the 90kDa heat shock protein (hsp90) 
of S cerevisiae and to the 94kDa glucose regulated protein 
(GRP94) of mammalian cells. Our model for the onentation of 
ERp99 in the ER membrane places the NHj-terminus in the lumen 
of the ER predicts one membrane spanning, stop transfer region 
and places most of ERp99 on the cytoplasmic side of the ER 
membrane. ERp99 possesses the C-terminal sequence KDEL the 
ER retention signal for heavy chain binding protein. In order to test 
our model and assess the role of KDEL we have constructed 
several deletion mutants of ERp99 and determined how these 
mutants are sorted in COS cells. The results of these experiments 
are entirely consistent with our model. The proposed luminal 
domain fragement can be secreted if the proposed transmembrane 
region is removed. The putative cytoplasmic domain fragment is 
capable of entering the lumen and being glycosylated if the signal 
sequence is attached to iL Furthermore, the removal of KDEL or 
the entire hydrophilic C-terminal sequence containing KDEL does 
not result in the secretion of ERp99. Thus. KDEL is either not an 
ER retention signal for ERp99 or is not the only retention signal in 
this protein. 
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4331 ISOLATION -ROM SOVIHS 3RAi:J 0: A CALC lUX^SI jiDIHC _?ROTI^ : 
"HAT IS A CQHST^TU filT OF A Ca^F *s e : COTJTA III I !IG_ ORGANELLE . R.. 
^~ and R-.E,_ 



Johr. ssn Benson * and R-.E. Fine-". 'Boston University School cr 
Medicine, "Edith Morse Rogers ''.er.cnal VA Hospital. G.R.E.C.C. 

Using a Ca-oxalate density shift method we have isolated a 
-a-ibrane fraction frcx bovine brain that contains .a CaATPase and a 
(CBF-53) siffiiVar :n soro^ respects to muscle 



53 ,000 



Jw , ww.- .. protein 

caissquestnn- (Csq> . Ve have isolated CBP-5S using anion exchange 
and hydrophobic chromatography. Like Csq. it has an acidic pi 



anc r.ydrophobi 

(4.7! containing 30% glu and asp. 3y SDS-PAGE at pH £.3 its H f is 
53 k*. while at pH 7, it is approximately 52 kD. When SDS-PAGE are 
stained with the carbocyanine dye, Stains-Ali. CBP-:3 appears as- a 
blue band. This color is not due to the presence of sialic *cid 
residues or phosphate groups. CBP-53 elures fro-. DEAE-ce llulosc 
between 3S0 and 425 al-i HaCl. Unlike Csq, CBP-5S binds r 0 ph-nyl- 
sepharose in the presence of 10 r.K CaCl,. and -lutes with EGTA. 
Ths axmo acid composition of this protCin is si-.ilar 
Csq, CAB-63 ( cairegui-in ) , nor the calelectr ins . 

*r\ terns cf its cell ■ biology, "hen brain 
mc: " 

r\Tr , .. . 

is -^leased fror. these membranes by neither froezmc; ana thawing, 
nor by washing in 1 :i HaCl; but by treatx«nt with 0.1 :\ "a 2 C0 3. ar 
Vhen brains microsomes are treated with trypsin, a 



ne i the: 



ro semes 



icubated in the presence of potass iur. oxalate., CaCi : , ::gCl ? / 
r? , C3P-5S sediments with membranes that contain a CaATP-tse. 



ar-: 
■ind 
I: 



;lue- 



pH 11.3. 

staining band of 53 kD is spared digestion unless Triton X-100 is 
present. We propose that CBP-53 is a constituent of the lumen of 
th* smooth endoplasmic reticulum, and that it serves to bind 
calcum within the oraaneile which- in axons is known to s^queste: 
calcium. This work is supported by VIk AGO5894-10 to REF. 
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for immunofluorescence with 
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4333 k there a BiP-Hke protein i " th* endoplasmic reticulum of P l ant ce lls ? 
I A. Miernvk . Seed Biosynthesis Research Unit, USDA, ARS, Northern 
Regional Research Center, 1815 North University St., Peoria, IL 61604 

Immunoglobulin heavy-chain binding protein (BiP. also called GRP-78) is 
a member of the HSP-70 family of heat-shock related proteins. Within the 
lumen of the ER there is a tight binding of BiP to incompletely or incorrectly 
assembled proteins. Due in part to its abundance in secretory celts, it has also 
been suggested that BiP may play a role in the normal assembly of secreted 
proteins. Maize endosperm cultures are quite active in the extracellular 
secretion of acid hydrolases, and electron microscopy of the cultured cells 
revealed a well developed endomembrane system. This combination of features 
provides an excellent system for molecular characterization of the secretory 
pathway in plant cells. One aspect of the characterization is the search for a 
BiP-like protein. Maize endosperm microsomes analyzed by SDS-PAGE, 
contain an abundant soluble protein of Mr 76,000; slightly smaller than 
mammalian BiP. The maize protein will bind to immobilized ATP, a 
characteristic of BiP and other HSP-related proteins. Monoclonal antibodies 
against mouse BiP were used to probe total microsomal proteins from rat liver 
and maize endosperm. These antibodies gave a positive signal with BiP from 
the rat membranes but not with any protein from maize. The effects of 
treatment with A23187 or tunicamycin, compounds that stimulate the synthesis 
of BiP in mammalian systems, will be reported. 
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protein disulfide isomerase - 
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Parents 
Spell the 
Pifference 

■ Their extraordinary role 
hdpcribringohcndto 
Beverly Hills teachers 
strike. Educators call It a 
huw-io rnnrtunl. 



fty JEAN MEM. ~~ 

WJieo Day 3 of ihs riovcriy f (((U 
teachers itnke dawned with na 
negotiation* In sight real estate 
Invato, Rftticrt Schwab, whose 
child* en -tUcnd tha city** prestl* 
jioiw public *choo(j. persuaded Ihe 
union and the district to >w back u 
Ibc bargaining UMb. 
Two othtr fatheri. Bti Wuracn- 
.;feld and Albert Ccrncn. mc t wrt h' 
, represenuitvc, of both .4d« acut 
doicrminvU thai rooiw/ wnt the 
n>toii»< tnjrcdfcnu » Uwj worked 
with other pircnu to raiae Iwti- 
, -rtreds of ,io0usuhh-;B/ cfelUn th 
eaih and pledge* - to put toward 
ujaeheriaEartca. 
Another parent, real trutc al- 
- lom *y T^vit Uvyn. budding on the 
fnsunrtww* thai Schwab lawYput 
together a negotiating* icsston lut 
weekend that would tend to ■ 
wrtitencm in the dutritt'i find, 
ever teacher strike. 

Throughout a dty known far t h« 
CXcellu/Kr* n/ tu public ^html-i 
.partAU wet offered idea* artf 
prtfeuwrtal skill,, lock «n their 
checkbook W d prodded their 

clcrlrd offklata. 

On Wednesday, mmbm of the . 
local teachers ynton appro red a 
settlement tinne them < u% 
salary Increuo over two y Blr( ^ . 
ending the walkout that began Oct 
IB. Aj icacfters prepare to ao hack 
!• Ibvir dteiuumi <«Ur. the P*r • 
enu of Ifergdy Hills' «lud«mia are 
>[ Eduatw aiwad "om counfr 



Andrew Htari of Scrlpps CUnlc in La JoPo checks a mw dMh rr* , „ , " IW ' u ***-—*~ 

■ ^ jumu wiecxs a pet/t dish fty root &owUi \n anO&ody.pfoductng piant 

ScrippsTechniqueSeen Co|lfereesSai :" 
as Big Medical Stride SSof 

Cut 'Star Wars' 



Sder|ce;:Reprchc^devdbp method of producing 
antibodies that could open- up ncv,- medical field. 



0)r TIIOMAS H. MAUQl II 
Tiweauwrt *ai;ii -. 

noearchert at ihi Senpia'Cllae 
in U Jail* have d«v«)op«] u 
<n«tpemf »« uchiitque : fur produc • ' 
in» tp«cUti«d .antibedtei thil 
piTKWM u open «p » whoti new 
•rei fti m»<dic«i^ tt»«Hidlr.f't*ftr«r 
Uie«pr. mfl-,lo,]r-MUy wpand 
medical dUfnojoe*. , / 

The leehrtqg* U» could he uj«l 
u> fi-* vt/ioiJ;ur»l crupi.a func- 
Uoolnf "iraouM . lyitrni" *tbit 
would proica mem •(tiinitlniecu. 
furtfUW ind other pat hot ttw and 
to erf in new (rfanu that could be 
■ up pallnt»4 »»ur- 



, ?rayi w( i/riniuclnf inu&adjti. 
~rnvn a global pertpectlva. (ha 
more cttotcw we hivt ( 0 r produc- 
ing amibodfei. the batter aft w* 
>re." 

. The uae «/ antlbodie* wax rvvo- 
iutlwoed in (975 by the darorery 
of technitjue* for producing larje 
quamnws of a unfit antibody. 



fUWH M. BRODr.R 

WASHINGTON -Home and 
Senate cgnhren Wednesday 
reached accord on vtnuallv ui 
renumjnf iuutj Involving the 
1305. bil ton [900 defenu bwixtl 

Biology in Casibrtdtf. Sn^laivi. . C "' al 8 ' J 

blood criU that produced oni- mil- .t^ w , 

body aad fu«4 them *nh long. «^S^£. - Umbcr ° f f ?* ,tv * 1 y 

liv^^cii,. ^ ^1^!?^ remained unr*- 

Th, ruling ct lit. tailed hrbrt- £ Sd^Tft' ,'H« l,L COmmt - 

T . .^1 — ■ ■ ' agr*a ro .nt 



Truce Is Over, 
Ortega Declares 



■ Nicaragua: I lc vows to 
drive out the Con Iras. He 
also ciills fur peace tulks, 
but irtelr resumption is 
uncerwin. 

MANAGUA. Ntca*.j f m_p~ stl . 
nettt Daniel l>tc«n formally ended 
a 19-manUi-uW trcaje'ftre against 
U.b.-faackftd etbelt Wcdncaday 
and ufcf i he Sandin»u army wj]| 
try to push then bacV to iaiei In 
Ifendwa*. But he asked rebel lead- 
•ra to meet m New York not 
Monday for tath* on ending ihe 
newly renir/iwt NlcaragiKia war. 

Snnque ftrrmudez. [he senior 
t-onm aminunticr. aid he wtU 
«eept ihc ofr C r if Niearagiia'a 
rtwnjn Catholic canllrait a atao 
intltcd. a condition that Ortnta 
IMtckly ucctptnL 

The COllapM of Lh» ceus-ftr* 

plunged (hii war- weary country 
'wo iu deepest period of uncer- 
Uinly m two yearf of peace effartj. 
Cardinal M^wl ObJnifcl j itnra 
aopeafed for 'rwtroirtt and maluri - 
ty" by both arrnk's. warning Uut 
inlrnitned fiahtinit could dtirnpt 
the election* «hertuled nc« Peh. 

a. . ■ 

A resumption of peace Ulkt 
hrakn «ff ui Jxmtr, I0M. tj f« frum 
certain. Ortt^a irtsutcd Uut Hon- 
*irai be rpprtacntcd. but that 
governntcnl balked at igremng to 
ko. U.S. .loemary tJeneral Javier 
fcrei .te Cucllar. the would-be 
ho»i. wji deacribcrt by alder u 
•uranacd by Ortega s announce - 
nxent and would trot iw.firra that a 
rnccllng wilt lake place. 

Thli ia ewrcmcly untatwi," a 
U.S. officWJ >sid m Mew York, "tl 
might have heon rwirr tf (the 
SanrftnlnaiJ had iwliftrd ui (\rtL 
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U.S. Condemns 
Move, Hopes It 
Will Backfire 

B r 6A~viorAlfn5 

denouneed Nlr*-»guin prertteni 
Oamet Onrg, on Vodrw^T f"r 

l^ th ?. I3 " nonih 
wim th# Ctmtra*. but they m . 

wtif haekftre and inframa anu-San- 
d>ni«a«entiattnL 

M«bn hta^, ««l on,.^-, ^ 
cuten u ilcploTiWo.** artdinr that 
ti eui.nnnj Qrtega j "desire to 
maintain power at all cqju." 

l*n Kriday, Adminbirauofi affi- 
eiali expressed ihotk and an^r 
'" u O r «cf*'» threat to resume ih<- 



EXHIBIT E 



THIS PAGE BLANK (uspto) 



Protein Engineering vol.10 no.l pp. 1-6. 1997 

SHORT COMMUNICATION 

Identification of prokaryotic and eukaryotic signal peptides and 
prediction of their cleavage sites 



Henrik Nielsen, Jacob Engelbrecht 1 , S0ren Brunak and 
Gunnar von Heijne 2 

Center for Biological Sequence Analysis, Department of Chemistry, 
The Technical University of Denmark, DK-2800 Lyngby. Denmark and 
2 Department of Biochemistry, Arrhenius Laboratory, Stockholm University, 
S- 106 91 Stockholm, Sweden 

1 Present address: Novo Nordisk A/S, Scientific Computing, Building 9M1, 
Novo Alle, DK-2880 Bagsvaird, Denmark 

We have developed a new method for the identification of 
signal peptides and their cleavage sites based on neural 
networks trained on separate sets of prokaryotic and 
eukaryotic sequence. The method performs significantly 
better than previous prediction schemes and can easily be 
applied on genome-wide data sets. Discrimination between 
cleaved signal peptides and uncleaved N-terrninal signal- 
anchor sequences is also possible, though with lower preci- 
sion. Predictions can be made on a publicly available 
WWW server. 

Keywords: cleavage sites/protein sorting/ secretion/signal peptide 



Introduction 

Signal peptides control the entry of virtually all proteins to 
the secretory pathway, both in eukaryotes and prokaryotes 
(Gierasch, 1989; von Heijne, 1990; Rapoport, 1992). They 
comprise the N-terrninal part of the amino acid chain and are 
cleaved off while the protein is translocated through the 
membrane. The common structure of signal peptides from 
various proteins is commonly described as a positively charged 
n-region, followed by a hydrophobic h-region and a neutral 
but polar c-region. The (-3,-1) rule states that the residues at 
positions -3 and -1 (relative to the cleavage site) must be 
small and neutral for cleavage to occur correctly (von Heijne t 
1983, 1985). 

A strong interest in the automated identification of signal 
peptides and the prediction of their, cleavage sites has been 
evoked not only by the huge amount of unprocessed data 
available, but also by the industrial need to find more effective 
vehicles for the production of proteins in recombinant systems. 
The most widely used method for predicting the location of 
the cleavage site is a weight matrix which was published in 
1986 (von Heijne, 1986). This method is also useful for 
discriminating between signal peptides and non-signal peptides 
by using the maximum cleavage site score. The original 
matrices are commonly used today, even though the amount 
of signal peptide data available has increased since 1986 by a 
factor of 5-10. 

Here, we present a combined neural network approach to 
the recognition of signal peptides and their cleavage sites, 
using one network to recognize the cleavage site and another 
network to distinguish between signal peptides and non-signal 
peptides. A similar combination of two pairs of networks has 
been used with success to predict the intron splice sites 
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in pre-mRNA from humans and the dicotelydoneous plant 
Arabidopsis thaliana (Brunak et al. y 1991; S.Hebsgaard, 
P.Korning, J.Engelbrecht, P.Rouze and S.Brunak, submitted). 
Artificial neural networks have been used for many biological 
sequence analysis problems (Hirst and Sternberg, 1992; 
Presnell and Cohen, 1993). They have also been applied to 
the twin problems of predicting signal peptides and their 
cleavage sites, but until now without leading to practically 
applicable prediction methods with significant improvements 
in performance compared with the weight matrix method 
(Arrigo et al. f 1991; Ladunga et 1991; Schneider and 
Wrede, 1993). 

Materials and methods 

The data were taken from SWISS-PROT version 29 (Bairoch 
and Boeckmann, 1994). The data sets - were divided into 
prokaryotic and eukaryotic entries and the prokaryotic data sets 
were further divided into Gram-positive eubacteria {Firmicutes) 
and Gram-negative eubacteria (Gracilicutes), excluding 
Mycoplasma and Archaebacteria. Viral, phage and organellar 
proteins were not included. In addition, two single-species 
data sets were selected, a human subset of the eukaryotic data 
and an Escherichia coli subset of the Gram-negative data. 

The sequence of the signal peptide and -the first 30 amino 
acids of the mature protein from me secretory protein were 
included in the data set. The first 70 amino acids of each 
sequence were used from the cytoplasmic and (for the eukary- 
otes) nuclear proteins. In addition, : a set of eukaryotic signal 
anchor sequences, i.e. N-terrninal parts :of type II membrane 
proteins (von Heijne, 1988), were extracted (see Figure 1). 

As an example of a large-scale application of the finished 
method, we used the Haemophilus influenzae Rd genome — 
the first genome of a free-living organism tp/be completed 
(Reischmann et a/., 1995). We have downloaded the sequences 
of all the predicted coding regions in the H. influenzae genome 
from the World Wide Web (WWW) server of the Institute for 
Genomic Research at http://www.tigr.org/. Only the first 60 
positions of each sequence were analysed. 

We have attempted to avoid signal peptides where the 
cleavage sites are not experimentally determined, but we are 
not able to eliminate them completely, since many database 
entries simply lack information about the quality of the 
evidence. The details of the data selection are described in the 
WWW server and in an earlier paper (Nielsen et a/., 1996a). 

Redundancy in the data sets was avoided by excluding pairs 
of sequences which were functionally homologous, i.e. those 
that had more than 17 (eukaryotes) or 21 (prokaryotes) exact 
matches in a local alignment (Nielsen et a/., 1996a). Redundant 
sequences were removed using an algorithm which guarantees 
that no pairs of homologous sequences remain in the data set 
(Hobohm et a/., 1992). This procedure removed 13-56% of 
the sequences. The numbers of non-homologous sequences 
remaining in the data sets are shown in Table I. Redundancy 

1 
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Table I. Data and performance values 



Source 


Data 














(Number of sequences) 




Network architecture (window/hidden units) 


Performance 






Signal peptides 


Non-secretory 
proteins 


C-score 


S-score 


Cleavage site 
location 
(% correct) 


Signal peptide discrimination 
(correlation) 


Human 
Eukaryote 
Exoli 
Gram- 
Gram + 


416 
1011 
105 
266 
141 


251 
820 
119 
186 
64 


15+4/2 
17+2/2 
15+2/2 
11+2/2. 
21+2/0 


27/4 
27/4 
39/0 
19/3 
19/3 


68.0 (67.9) 
70.2 

83.7 (85.7) 

79.3 

67.9 


0.96 (0.97) 
0.97 

0.89 (0.92) 

0.88 

0.96 



>Data- the number of sequences of signal peptides and non-secretory (i.e. cytoplasmic or nuclear) proteins in tne aaia seis aner rcuunuum-y — 
organism groups are eukaryotes, human, Gram-negative bacteria ('Gram-'). Exoli and Gram- positive bacteria ('GramV). The human data are subsets of the 
eukaryotic data and the Exoli data are" subsets of the Gram-negative data. The signal anchor and H.influemae data are not shown in the table. Network 
architecture: the size of the input window and the number of hidden computational units ('neurons') in the optimal neural networks chosen for each data set. 
C-score networks have asymmetrical input windows. Performance: the percentage of signal peptide sequences where the cleavage site was predicted to be at 
the correct location according to the maximal value of the Y-score (see Figure 2). The ability of the method to distinguish between the signal peptides and the 
N-terminals of non-secretory proteins (based on the mean value of the S-score in the region between position 1 and the predicted cleavage site posxuon) is 
measured by the correlation coefficients (Mathews, 1975). Both performance values are measured on the test sets (the average of five cross-validation tests). 
The values given in parentheses indicate the performance for the human sequences when using networks trained on all eukaryotic data and for the Exoli 
sequences when using Gram-negative networks respectively. 



reduction was not applied, to the : signal anchor data or the 
H.influenzae data, since these,. were not used as training data. 

Neural network algorithms ~ v: " 1 ; ~ 

The signal peptide problem was posed to the neural networks 
in two ways: (i) recognition of ^the cleavage sites against the 
background of all other sequence positions and (ii) classification 
of amino acids as belonging to the signal peptide or not. In the 
latter case, negative examples included both the first 70 positions 
of non-secretory proteins and the first 30 positions of the mature 
part of secretory proteins'.*- ^ * u 

The neural networks were feed-forward networks with zero 
or one layer of two to 10 ^hidden units, trained using back- 
propagation (Rumemart l era/:vl986) with a slightly modified 
error function. The sequeric^ to the network 

using sparsely encoded ^rn6vihg : wiridows (Qian and Sejnowski, 
1988; Brunak et al\ 1991): Symmetric and asymmetric windows 
of a size varying from five. to 3 9- positions were tested. 

Based on the numbers^bf correctly and incorrectly predicted 
positive and negative examples, we calculated the correlation 
coefficient (Mathews, 1975). The correlation coefficients of both 
the training and test set's werermonitored during training and the 
performance of the training, cycle with the maximal test set 
correlation was recorded for each training run. The networks 
chosen for inclusion in the WWW server have been trained until 
this cycle only. 

The test performances have been calculated by cross-valida- 
tion: each data set was. divided into five approximately equal- 
sized parts and then every network run was carried out with one 
part as test data and the other four parts as training data. The 
performance measures were then calculated as an average over 
the five different data set divisions. 

For each of the five data sets, one signal peptide/non-signal 
peptide network architecture and one cleavage site/non-cleavage 
site network architecture was chosen on the basis of the test set 
correlation coefficients. We did not pick the architecture with 
absolutely the best performance, but instead the smallest network 
that could not be significantly improved by enlarging the input 
window or adding more hidden units. 



• The trained networks provide two different scores between 
zero and one for each position in an amino acid sequence. The 
output from the signal peptide/non-signal peptide networks, the 
S-score, can be interpreted as an estimate of the probability of 
the position belonging to the signal peptide, while the output 
from the cleavage site/non-cleavage site networks, the C-score, 
can be interpreted as an estimate of the probability of the position 
being the first in the mature protein (position + 1 relative to the 
cleavage site). 

If there are several C-score peaks of comparable strength, the 
true cleavage site may often be found by inspecting the S-score 
curve in order to see which of the C-score peaks coincides best 
with the transition from the signal peptide to the non-signal 
peptide region. In order to formalize this and improve the predic- 
tion, we have tried a number of linear and non-linear combina- 
tions of the raw network scores and evaluated the percentage of 
sequences with correctly placed cleavage sites in the five test 
sets. The best measure was the geometric average of the C-score 
and a smoothed derivative of the S-score, termed the Y-score: 

where A^S,* is the difference between the average 5-score of d 
positions before and d position after position i : 

AA= -( £*4-i>; < 2) 

d \ y-l J-0 / 

In Figure 2(A), examples of the values of the C-, S- and Y- 
scores are shown for a typical signal peptide with a typical 
cleavage site. The C-score has one sharp peak that corresponds 
to an abrupt change in the S-score from a high to low value. 
Among the real examples, the C-score may exhibit several peaks 
and the S-score may fluctuate. We define a cleavage site as being 
correctly located if the true cleavage site position corresponds 
to the maximal Y-score (combined score). 

For a typical non-secretory position, the values of the C-, S- 
and Y-scores are lower, as shown in Figure 2(B). We found the 
best discriminator between signal peptides and non-secretory 
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Fig. 1. Sequence logos (Schneider and Stephens, 1990) of signal peptides, aligned by their cleavage sites. The total height of the stack of letters at •each" ' v ' 
position shows the amount of information, while the relative height of each letter shows the relative abundance of the corresponding amino acidJjThe:; - 
information is defined as the difference between the maximal and actual entropy (Shannon, 1948): = H m - Hj - log 2 20 + Zq n ; <a)Wy log 2 n ; <a)/Af ; -, - 
where rtj{a) is the number of occurrences of the amino acid ot and Nj is the total number of letters (occupied positions) at position j. Positively and negatively 
charged residues are shown in blue and red respectively, while uncharged polar residues are green and hydrophobic residues are black. 



proteins to be the average of the S-score in the predicted signal 
peptide region, i.e. from position 1 to the position immediately 
before the position where the Y-score has a maximal value. If 
this value — the mean S-score — is greater than 0.5, we predict 
the sequence in question to be a signal peptide (cf. Figure 3). 

The relationship between the various performance measures 
and their development during the training process is described 
in detail elsewhere (Nielsen et aL, 1997). 

Results and discussion 

The optimal network architecture and corresponding predictive 
performance for all the data sets are shown in Table I. The C- 



score problem is best solved by networks with asymmetric 
windows, i.e. windows including more positions upstream than 
downstream of the cleavage site. This corresponds well with 
the location of the cleavage site pattern information which is 
shown as sequence logos (Schneider and Stephens, 1990) in 
Figure 1. The S-score problem, on the other hand, is best 
solved by symmetric or approximately symmetric windows. 

Although our method is able to locate cleavage sites and 
discriminate signal peptides from non-secretory proteins with 
a reasonably high reliability, the accuracy of the cleavage site 
location is lower than that reported for the original weight 
matrix method (von Heijne, 1986): 78% for eukaryotes and 
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Fig. 2. Examples of network output The values of the C- (output from 
cleavage site networks), S- (output from signal peptide networks) and 
Y-scores (combined cleavage site score, Y k = VC^fe) are shown for each 
position in the sequence. The C- and S-scores are averages over five 
networks trained on different parts of the data. Note: the C- and Y-scores 
are high for the position immediately after the cleavage site, i.e. the first 
position in the mature protein. (A) A successfully predicted signal peptide. 
The true cleavage site is marked win an arrow. (B) A non-secretory protein. 
For many non-secretory proteins, all three scores are very low throughout 
the sequence. In this example, there are peaks of the C- and S-scores, but 
the sequence is still easily classified as non-secretory, since the C-score 
peak occurs far away from the S-score decline and the region of the high * 
S-score is far too short. 



Signal peptides 
Non-secretory proteins 
Signal anchors 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 Ml "0,9 " \1 
Mean S score ^ ' ■>' - : * *' 

Fig. 3. Distribution of the mean signal peptide score (S-score) for signal, 
peptides and non-signal peptides (eukaryotic data only). •Non-secretory 
proteins' refer to the N -terminal parts of cytoplasmic or nuclear- proteins; 
while 'signal anchors' are the N-terminal parts of type II membrane" 
proteins. The mean S-score of a sequence is the average of the S-score. over 
all positions in the predicted signal peptide region (i.e. from the N-terminal 
to the position immediately before the maximum of the Y- score): The bin 
size of the distribution is 0.02. * \ ; 



89% for prokaryotes (not divided into Gram-positive and 
-negative). When the original weight matrix is applied to our 
recent data set, however, the performance is much lower. This 
suggests a larger variation in the examples of the signal 
peptides found since then. It may, of course, also reflect a 
higher occurrence of errors in our automatically selected data 
than in the manually selected 1986 set. 

In order to compare the strength of the neural network 
approach to the weight matrix method, we recalculated new 
weight matrices from our new data and tested the performances 
of these (results not shown). The weight matrix method was 
comparable to the neural networks when calculating the C- 
score, but was practically unable to solve the S-score problem 




0.4 0.5 0.6 
MeanS score 

Fig. 4. Distribution of the mean signal peptide score (S-score) for all the 
predicted H.influenzpe coding sequences. The mean S-score is calculated 
using networks trained on the Gram-negative data set. The bin size of the 
distribution is 0.02. The arrow shows the optimal cut-off for predicting a 
cleavable signal peptide. The predicted number of secretory proteins in 
HJnfluenzae (corresponding to the area under the curve to the right of the 
arrow) is 330 out of 1680 (20%). 

and therefore did not provide the possibility of calculating the 
combined Y-score. 

Note that the prediction performances reported here corre- 
spond to minimal values. The test sets in the cross-validation 
have a very low sequence similarity; in fact, the sequence 
similarity is so low that the correct cleavage sites cannot be 
found by alignment (Nielsen et aL, 1996a). This means that 
the prediction accuracy on sequences with some similarity to 
the sequences in the data sets will in general be higher. 

The differences between the signal peptides from different 
organisms are apparent from Figure 1. The signal peptides 
from Gram-positive bacteria are considerably longer than those 
^of other organisms, with much more extended h-regions, as 
observed previously (von Heijne and Abrahmsen, 1989). The 
prokaryotic h-regions are dominated by Leu (L) and Ala (A) 
, in approximately equal proportions and in the eukaryotes they 
are dominated by Leu with some occurrence of Val (V), Ala, 
Phe (F) and lie (I). Close to the * cleavage site, the 
(-3,-1) rule is clearly visible for all three" data sets, but 
while a number of different amino acids are accepted in the 
- eukaryotes, the prokaryotes accept alanine almost exclusively 
in these two positions. In the first few positions of the mature 
protein (downstream of the cleavage site) the prokaryotes 
show certain preferences for Ala, negatively charged (D or E) 
amino acids, and hydroxy amino acids (S or T), while no 
pattern can be seen for the eukaryotes. In the leftmost part of 
the alignment, the positively charged residue Lys (K) [and to 
a smaller extent Arg (R)] is seen in the prokaryotes, while the 
eukaryotes show a somewhat weaker occurrence of Arg (barely 
visible in the figure) and almost no Lys. This corresponds well 
with the hypothesis that positive residues are required in 
the n-region where the N-terrninal Met is formulated for 
prokaryotes, but not necessarily for eukaryotes where the 
N-terminal Met in itself carries a positive charge 
(von Heijne, 1985). 

The difference in structure is reflected in the performances 
of the trained neural networks (see Table I). Gram-negative 
cleavage sites have the strongest pattern — i.e. the highest 
information content — and, consequently, they are the easiest 
to predict, both at the single-position and at the sequence level. 
The eukaryotic cleavage sites are significantly more difficult 
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to predict. Gram-positive cleavage sites are slightly more 
difficult to predict than the eukaryotic ones, which would not 
be expected from the sequence logos (Figure 1), since they 
show nearly as high an information content as the Gram- 
negative cleavage sites, but the longer Gram-positive signal 
peptides means that the cleavage sites have to be located 
against a larger background of non-cleavage site positions. 
The discrimination of signal peptides versus non-secretory 
proteins, on the other hand, is better, for the eukaryotes than 
for the prokaryotes. This may be due to the more characteristic 
leucine-rich h-regions of the eukaryotic signal peptides. 

The logos for the human and Exoli data sets are not shown, 
since they show no significant differences from those of the 
eukaryotes or Gram-negative bacteria respectively. Accord- 
ingly, the predictive performance was not improved by training 
the networks on single-species data sets. On the contrary, the 
Exoli signal peptides are predicted even better by the Gram- 
negative networks than by the Exoli networks (probably due 
to the relatively small size of the Exoli data set). In other 
words, we have found no evidence for species-specific features 
of the signal peptides of humans and Exoli. 

Signal anchors often have sites similar to signal peptide 
cleavage sites after their hydrophobic (transmembrane) region. 
Therefore, a prediction method can "easily be expected to 
mistake signal anchors for peptides. In Figure 3, the distribution 
of the mean S-score for the 97 eukaryotic signal anchors is 
included. It shows some overlap with the signal peptide 
distribution. If the standard cut-off; of 0.5 is applied to the 
signal anchor data sets, 50% of the eukaryotic signal anchor 
sequences are falsely predicted as signal peptides (the corres- 
ponding figure for the human signal anchors is 75% when 
using human networks and 68% when using eukaryotic net- 
works). With a cut-off optimized for signal anchor versus 
signal peptide discrimination (0.62), we were able to lower 
this error rate to 45% for the eukaryotic data set. The mean 
S-score still gives a better separation than the maximal or 
Y-score, which indicates that the pseudo-cleavage sites are in 
fact rather strong. . ; • - 

However, the pseudo-cleavage sites often :occur further from 
the N-terminal than genuine cleavage 'sites do. If we do not 
accept signal peptides longer than 35 residues (this will exclude 
only 2.2% of the eukaryotic signal peptides in our data set), 
the percentage of false positives among the signal anchors 
drops to 28% for the eukaryotic and 32% for the human signal 
anchors (39% when using eukaryotic networks). When taking 
this into account, our method does provide a reasonably good 
discrimination between signal peptides and signal anchors. 
This has not been reported by any of the earlier published 
methods for signal peptide recognition. 

Scanning the Haemophilus influenzae genome 
We have applied the prediction method with networks trained 
on the Gram-negative data set to all the amino acid sequences 
of the predicted coding regions in the Haemophilus influenzae 
genome. The distribution of the mean S-score (from position 
1 to the position with a maximal Y-score) is shown in Figure 4. 

When applying the optimal cut-off value found for the 
Gram-negative data set, we obtained a crude estimate of 
the number of sequences with cleavable signal peptides in 
H.influenzae: 330 out of 1680 sequences or approximately 
20%. If the maximal S-score is used instead of the mean S- 
score, the estimate comes out as 28% and with the maximal 
Y-score it is 14% (distributions not shown). If all three criteria 



are applied together, leaving only 'typical* signal peptides, we 
obtain 188 sequences (11%). 

Some of the sequences predicted to be signal peptides 
according to the S-score but not according to the Y-score may 
be signal anchor-like sequences of type II (single-spanning) 
or type IV (multispanning) membrane proteins. This hypothesis 
is strengthened by a hydrophobicity analysis of the ambiguous 
examples (results not shown). If we apply the slightly higher 
cut-off optimized for the discrimination of signal anchors 
versus signal peptides in eukaryotes (0.62) to the mean S- 
score, the estimate is lowered from 20 to 15%. 

On the other hand, some of the sequences predicted to be 
signal peptides according to the maximal Y-score but not the 
mean S-score may be the effect of the initiation codon of the 
predicted coding region having been placed too far upstream. 
In this case, the apparent signal peptide becomes too long and 
the region between the false and the true initiation codon will 
probably not have signal peptide character, thereby bringing 
the mean S-score of the erroneously extended signal peptide 
region below the cut-off. This is strengthened by the finding 
that these ambiguous examples are longer than average and 
contain more methionines. 

In conclusion, we estimate that J 5-20% of the H.influenzae 
proteins are secretory. However, a whole-genome analysis like 
this would be more reliable if combined with other analyses, 
notably transmembrane segment predictions and initiation site 
predictions. 

Method and data publicly available 

The finished prediction method is available both via an e-mail 
server and a WWW server. Users may submit their own amino 
acid sequences in order to predict whether the sequence is a 
signal peptide and, if so, where it will be cleaved. We 
recommend that only the N-terminal part (say 50-70 amino 
acids) of the sequences is submitted, so that the interpretation 
of the output is not obscured by false positives further 
downstream in the protein. 

The user is asked to choose between the network ensembles 
trained on data from Gram-positive, Gram-negative or eukary- 
otic organisms. We did not include the networks trained on 
the single-species data sets in the servers, since these did not 
improve the performance. 

The values of the C-, S- and Y-scores are returned for every 
position in the submitted sequence. In addition, the maximal 
Y-score, maximal S-score and mean S-score values are given 
for the entire sequence and compared with the appropriate cut- 
offs. If the sequence is predicted to be a signal peptide, the 
position with the maximal Y-score is mentioned as the most 
likely cleavage site. A graphical plot in postscript format, 
similar to those in Figure 2, may be requested from the servers. 
We strongly recommend that a graphical plot is always used 
for the interpretation of the output. The plot may give hints 
about, for example, multiple cleavage sites or erroneously 
assigned initiation, which would not be found when using only 
the maximal or mean score values. 

The address of the mail server is signalp@cbs.dtu.dk. For 
detailed instructions, send a mail containing the word 'help* 
only. The WWW server is accessible via the Center for 
Biological Sequence Analysis homepage at http*7/ 
www.cbs.dtu.dk/. 

All the data sets mentioned in Table I are available from an 
FTP server at ftp://virus.cbs.dtu.dk/pub/signalp. Retrieve the 
file readme for detailed descriptions of the data and the format. 
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The FTP server and the mail server can both be accessed 
directly from the WWW server. 
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Signal Sequences 
The Limits of Variation 
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Variations in length and composition of the charged N- terminal, central hydrophobic and 
polar C-terminal regions in a large sample of signal sequences have been mapped, both as a 
function of the overall length of the sequence, and in an absolute sense, i.e. various 
"extremes" have been sought. The results show subtle differences between eukaryotic and 
prokaryotic sequences, but the general impression of signal sequences as being highly 
variable is reinforced. Criteria for a "minimal" signal sequence are suggested and discussed. 



1. Introduction 

In the process of protein export a central role is 
played by the signal sequence: an X- terminal 
segment that somehow initiates export whereupon 
it js cleaved from the mature protein. All signal 
sequences seem .to be built along the same general 
lines, but the fine-structure of the design has only 
recent lv- become a subject of study (von Heijne. 
1<)83, f?S4ai>: Perlman & Halvorson, 1983). Three 
sr ruetu rally -dissimilarlregions have been recognized 
so far: a. positively charged X-terminal region, a 
central hydrophobic region and a more polar 
C-terminal region that seems to define the cleavage 
site. These regions are present in all signal 
sequences, but the limits imposed upon them by the 
export machinery have not been systematically 
studied: in particular, it has not been ascertained 
whether they are all equally prone to variations in 
length and amino acid composition. This is an 
important question, since one of the outstanding 
features of the signal sequences taken as a group is 
their extraordinary variability in terms of overall 
length and amino acid- sequence. 

In this paper, eukaryotic and prokaryotic signal 
sequences are grouped according to their lengths, 
and the variations with length of the three 
structural regions {termed the n. h. and c-regions in 
what follows) arc analysed. The analysis shows 
subtle differences between eukaryotic and pro- 
karyotic sequences, and suggests "minimal" 
requirements that a fully functional signal sequence 
must conform to. Available data on non-functional 
mutant sequences, as well as on export -competent 
revert ants, are discussed in the light of these 
requirements. Finally, the functional significance of 

'"•iS-iXW S5;i:ttKi99-i>7 503.000 



the results are assessed and related to current 
models of protein export. 

2. Methods 



The sample under study consists of 1 18 eukaryotic and 
32 prokaryotic signal sequences, all with known cleavage 
sites. In the prokaryotic sample, no sequences known to 
be cleaved by the lipoprotein signal peptidase" (Innis d, 
aL. 1 984) have been included. Unless otherwise indicated, 
references can be found in von Heijne (19846). 

Prokaryotic sequences: Escherichia colt maltose binding 
protein: phage pBR322 ^-lactamase: phage M13 major 
and minor coat proteins: E. colt A-receptor. Salmontlla 
typhimurium histidine binding protein: typhi murium 
lysine-arginine-ornithine binding protein: E . coli leucine 
binding protein: E. coli Ieucine-isoleueine-\*aIine binding 
protein: E.roli arabinose binding protein: E.coti 
jsalactuae binding protein: E. coli chromosomal 
^-lactamase: E.roli ompA protein: E.coli ompF protein: 
E. coli ompC protein: E. coli It enteruxoxin A and 
8-subunits: Bacitlu.* .ittbtilis z- amylase; E. coli alkaline 
phosphatase: E.roli phuE protein: Sta ph ylorocnui aureus 
protein A: Cnrynetutrtrrium diphtherial toxin tox«3 
E. rtili pap.A; pha.ee Ike gene VT II and gene III proteins 
I'ihrin rhulern* toxins etxA and ctxB (Mekalanos ft aL. 
1!)S.*(): E.mli pilin kSS: E.rnli tolC (Harkett et aL. IUS3V 
E'.rnli d-rilio:-*- bindintf protein (C.roarke et aL. 1983) 
p.<rttHnmtHia.'* aeruginosa exotoxin A ((!ray et aL. 19S4): 
/'.«-wf//imoH(r.< up. carnoxv peptidase tS J (Mint on et aL. 
19X4). 

Eukaryotic sequences: rat whey phospho protein: 
human serum albumin: rat a^acid glycoprotein: mouse 
thyrotropin z-subunit: atlantic hagfish. angierfish and 
human insulins: ovine 0 and v-caseins: ovine 2 and 
/Mactaibumins: rabbit a-lactalbumin: mouse immuno- 
globulin H-chain (H-315): hybridoma immunoglobulin 
H -chain (93g7); rabbit immunoglobulin H -chain (Pp3): 
mouse ac- immunoglobulin L-chains (L-4Ib. L-315 and 
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Position 

Figure 1. Mean hydro phobiciry as a fund ion of the 
position from the cleavage site {between — I and -e 1) for 
tin* full rtikaryotir ( x ) and pmkaryotir (O) samples. The 
hydrophobics v scale used is from von Heijne (1981). 
Negative values are more hydrophobic. 



L-321): mouse embryonic V H -immunogIobulin (PCH 104): 
immunoglobulin V H *107: • caiman immunoglobulin V H * 
gene: cockerel VLDL-II; bee melittin: rat lactin; human 
placental lactogen: human choriogonadotropin /f-subunit: 
rabbit uteroglobin; rat growth hormone: bovine para- 
thyroid hormone: human leukocyte, immune, y and 
"Sroblast interferons; rat relaxin: chicken tropoelastin B: 
::ken ovomucoid; chicken lysozyme: chicken 
aalbumin: human -antitrypsin; rat prostatic binding 
proteins Cl. C2 and C3; mouse liver amylase: mouse MHC 
antigen H-2L d ; mouse MHC I -A light chain: mouse MHC 
I E -a D chain; mouse MHC E 9 chain: human HLA-DR a 
and DR 0 t -chains; human HLA DC-a and DC-J? chains; 
rat carboxypeptidase A; Torpedo calif orriica acetylcholine 
receptor a. /?, */ and ^-subunits; human muscle acetyl- 
choline receptor, maize zein protein 222.1; mouse C3 
complement; rat pancreatic RXAase: mouse opiomelano- 
cortin; rat somatostatin; human antithrombin III: rat 
Thy-1; bovine Avp-NpII hormone; yeast invertase: 
mouse thyrotropin 0-aubunit; hamster glucagon; pea seed 
lectin; rat apolipoprotein E; barley a-amylase; human 
apolipoprotein A I: mouse £-crystaIIin; rat angiotensinogen; 
tripsinogen; rat elastase I and II: bovine chymosin; pea 
legumin; human insulin-like growth factor I; rat seminal 
vesicle secretion IV protein; rabbit polylg receptor VS 
virus glycoprotein G; adenovirus glycoprotein: rabies 
virus glycoprotein (ERA); human influenza A/ Victoria/ 
and A/ Jap/ haem agglutinins; avian influenza A/FPV/ 
haemagglutinin: Herpes simplex virus type- 1 glycoprotein 
D: human parathyroid hormone (Hendy el al.. 1981): 
yeast phoo (Arima et al.. 1983): Herpes simplex type 2 
glycoprotein D gene (Watson. 1983): rat z-lactaibumin 
(Qasba & Safaya. 1984); bovine Ot-Xpl hormone 



(Ruppert et al.. 1984): human epidermal growth factor 
receptor (Ullrich et a/.. 1984): human Christmas faoti.r 
(Anson et a/.. 1984): human pancreatic polypeptide (Boe) 
et at.. 1984): wheat giiadin (Rafalski et at'.. 1084): T-<vll 
receptor a-subunit (Saito tt al.. 1984): human transferrin 
(Vang et al.. 1984): hen ovotransferrin (Williams rt al.. 
1982): Thaumatorornts dattietli thaumatin II (Edens et al.. 
10X4): Chintnomtu* thummi thummi jtlnbin IV (Antoine «V 
Xiessing. 1984): human atrial natriuretic factor 
tXakayama ft al.. 1984); human HTLV-I and HTLV-H 
envelope glycoproteins (Soriroski et al.. 1984): human 
insulin-like growth factor II (Dull et at.. 10X4): murine 
epidermal growth factor binding protein (Lundgren et al.. 
MIM4): calf acetylcholine receptor */-subunit (Takai et at.. 
I0S4): human 2-fibrinopen (Kant et al. 1983): human 
and '/-fibrinogen (Chung et at.. 1983): human a-hapm- 
globin (Vang et al.. 1983): human retinol binding protein 
(Colantuoni. 1983): rat chymotrypsin (Mac-Donald et at.. 

1982) : Droitophila metanvgarter glue protein 8 (Carh'nkcl. 

1983) : VS virus (N.J. Ogden) glycoprotein (Gallinm- 
1983): Aplytia R3-14 neuropeptide (Scheiler et al.. 1984). 



3. Results 

(a) The length distribution is different for 
eukaryotic and prokaryotic signal sequences!. ... 

The number of sequences in the various length - 
classes is given in Table 1. Except for an extremely 
short sequence with length L =13. the eukaryotu- 
distribution starts at L = 15 (5 sequences) and the 
prokaryotic at L = 18 (3 sequences). Moreover, the 
main weight of the distributions falls between 
L = 18 and L = 20 for the eukaryotes (37%) and 
between L = 21 and L = 23 for the prokajyote:? 
(59°o)- Thus, towards their lower ends. tne\"two' 
distributions differ consistently by three residues.. 

(b) The mean position of the boundary between > the 1 - 

A and c -regions is different in eukaryotes and 
prokaryotes and does not vary with overall length ' 1 

It has been noted that the overall amino. acid' 
composition of the c-region is more polar than that 
of the h-region (von Heijne, 1983). Indeed, in a plot 
of the mean hydrophobicity of each position in a . 
large enough sample of signal sequences aligned 
from their cleavage sites, the h/c boundary stands 
out clearly (Fig. 1). There is an obvious difference 
between eukaryotes and prokaryotes, however: in 
eukaryotes, the mean position of the h/c boundary 
is between residues —6 and —5. whereas in 
prokaryotes it is between residues —7 and —6. This 
is true also for the individual length -classes defined 



Table 1 

X umber of signal sequences of given length in the eukaryotic and prokaryotic samples 



Length 


13 


14 


15 16 


17 18 


19 20 


21 22 


23 


U 


23 26 


27 2S 


29 


30 


>30 


Eukaryotes 


1 


0 


(5 S 


4) 13 


19 12 


9 (3 


6) 


14 


10 (6 


I 0 


3 


21 




Prokaryotes 


0 


0 


0 0 


0 (3 


2 0 


7) (6 


6) 


(0 


4 1 


0 0 


1) 


0 





The pooled length -classes referred to in the text are enclosed by parentheses when they encompass 
sequences of more t nan a single length. 



$ 'umber of rexidu 
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Position -H> - !■ 



A. Eukaryut** 
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~ Vai 
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Glv 
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&. Prolraryutr.i 



11 II - 
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5 11 
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2 ! 
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Tabic 2 

$ umber of residues in the h/c boundary region for a 
few selected amino acids 



|',.Mli"n 


Ill 


-9 


— X 


-7 


-ft 


— 5 


-4 


-3 


•» 


-I 


«T 1 


m \ m KiiJtaryutr* 
























58 


52 


34 


43 


29 


ti 


Ml 


5 


17 


r 


8 


V*l 


11 


I! 


9 


11 


17 


•i 


8 


21 


•> 


0 


7 


I'll*- 


8 


ti 


i 


13 


13 


•> 


4 


•» 


10 


0 


4 


Ala 
i :Jy 


11 


18 


15 


12 


13 


15 


15 


34 


4 


53 


12 


•i 


•i 


8 


3 


•> 


15 




•> 


4 


X5 




I'ni 


.» 


0 


•■» 


•» 


6 


20 


10 


1 


0 


0 


1 


H. l*rtil;aryotz3 
























5 


11 


12 


•-> 


0 


•> 


3 


1 


.■> 


0 


0 


Val 


3 




0 


8 


0 


0 


4 


o 


0 


0 


•> 


IMir 


3 




1 


7 


1 


3 


1 


0 


5 


0 


0 


Ala 


11 




ti 


5 


ti 


H 


5 


18 


0 


28 


17 


Civ 


3 




5 


1 


2 


4 


1 


0 


1 


•i 


I 


l'n. 


.» 




0 


1 


4 


4 


o 


0 


0 


0 


0 



TV hiC boundary (u defined in Fig. 1) is between positions 
-ti and —5 in the eukaryotea. and between —7 and —6 in the 
pntkarvotes. 



in Table 1 (data not shown): thus, the position of 
thr boundary does not vary with overall length. 
Apart from this difference, the two curves follow 
each other closely even in the region +1 to +4. 
indicating that not only the signal sequences proper 
but also parts of the mature sequences are under 
similar selective pressures (cf. von Heijne. 1984<2). 

(c) The h-region is enriched in hydrophobic 
residues, but has no apparent internal 
sequence regularities 

The hydrophobic residues Phe. He. Leu. Met. Val 
and Trp are enriched in the h-regions of both 
eukaryotic and prokaryotic sequences, and drop 
sharply in frequency at the h/c boundary. 
Conversely, the charged and polar amino acids 
(Asp. GIu. Arg. Lys. His. Gly. Pro. Gin. Asn. Ser. 
Thr and Tyr) are virtually absent in the h-region 
but dominate the c- region. Ala. which is very 
abundant in the prokaryotic signal sequences, does 
not vary appreciably in incidence across the h/c 
boundary in either sample (Table 2). 

It has been claimed that the distribution of 
amino acids in the h-region is non-random (Inouye 
& Halegoua. 1980: Periman & Halvorson. 1983). In 
the present sample, however, no convincing 
pnttiTns of fine-structure are apparent in this 
region: indeed, the number of eukaryotic sequences 
with a given number of a particular amino acid in 
the region —13 to —6 closely follows a random 
expectation, i.e. a binomial distribution (Table 3). 

It has also been claimed that some nearest - 
npiirhhour pairs of amino acids in the h-region are 
present in numhers that cannot be explained on the 
basis of random pairing (Periman <fc Halvorson. 
I9s:»). This possibility was tested in the present 
vim pie by comparing the observed number of pairs 
of given amino acids in the regi n —13 to —6 



Tabic 3 

S umber of eukaryotic sequences with a git-en number 
of Leu. Phe and Gly residues in the region — /J to 
— G. and the expected numbers calculated on the 
assumption of a binomial distribution 



N«. "f rr^idue* 




1 


.» 


3 


4 


5 


6 




8 


Ntt. of turner* 




















<>li*t*rveri (L*mj) 


1 


8 


25 


39 


:w 




3 


1 


0 


£jc|M*vted (Leu) 


•i 


11 


26 


33 




14 


5 


1 


0 


Observed (Phe) 


til 


30 


15 


3 


0 


0 


II 


0 


0 


Exported (Phe) 


59 


43 


13 


•i 


0 


0 


0 


II 


(> 


nfaerved (Gly) 


98 


19 


0 


1 


0 


0 


0 


u 


0 


Expected (Gly) 


95 


21 


*> 


0 


0 


0 


u 


u 


0 



(eukaryotes) or — Io to — 7 (prokaryotes) with the 
numbers obtained for a sample with randomized 
h*regions (i.e. the amino acids in each individual 
h-region in the original sample were randomly 
"scrambled" before the pair-count was performed). 
As judged by x 2 -analysis (one degree of freedom), 
no significant deviations (P < 0*05) from the 
expected counts were found; either for nearest - 
neighbours or for pairs separated by up to three 
residues, except for Leu-Ile (t\ i 4- 3) -pairs, which are 
about twice as nu merou_s. as, expected (32. versus 13) 
in the eukaryotic sample .(data not . shown). This 
indicates that there are ' no strong sequence 
constraints in the h-region beyond the observed 
enrichment in hydrophobic residues. 

(d) The n- region accounts for one half of the 
I e ngth va riation . buV the' net N^terrn inal charge 
does not - vary Jpit h lengt h - 

The net charge distribution in the h-region differs 
by one positive charge ; between /eukaryotes and 
prokaryotes. indicating*Mat v the X^termirial amino 
group in eukaryotes pro vides" one: positive charge, 
whereas the blocked Met^'in -'prokaryotes does not 
(von Heijne. 19846). As" is clear from Figure 2(a). 
the net N -term inal';."/ charge does not van* 
appreciably with the /oVerall length in either 
eukaryotes or prokaryotes.. and has! a* mean value of 
about +1-7 in both groups', the length of the polar 
n-region varies stron'glyr'with *the overall length, 
however (Fig. 2(b)): the variation is similar in 
eukaryotes and prokaryotes. and accounts for 
approximately one ■ half- of the total length 
variation. ■ . . ' 

(e) The h-region accounts for one half of 
the variation in overall length, but 
there are no regular variations in 
amino acid corn position ivith length 

Since the length of the c-region is independent of 
the total length, the remaining half of the length 
variation stems from the h-region. As is shown in 
Table 4. there are no regular variations in amino 
acid frequencies between the different lengt h- 
classes. and the only suggestive observation so far is 
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Figure 2. (a) N'et charge and (b) length of the n -region 
as a function of the overall length for the length -classes 
defined in Table I (o. prokaryote: x . eukaryote). The 
initiator Met is assumed to provide one positive charge in 
the eukaryotes but not in the prokaryotes-tcf; -the text). 
The n/h boundary is defined by either \V\ i the last charged 
(Asp, Glu. Arg. Lys) or large polar (Asn. ,Gln. His) 
residue, or (2) the last pair of small poiaf"(Ser/ Thr. Gly. 
Pro) residues (whichever yields the longest h- region) on 
fhe N-termina] side of the uninterrupted non-polar 
*n"on. 



that the shortest sequences (L ==;\5 in - the 
eukaryotes. and L — 18 in thei'prokaryotesphave 
the most hydrophobic h-regions*(per~>esiduej both 
in the eukaryotes and the prokan^qt^s. ( the,: mean 
hydrophobicity per residue in the 'region . — 13 to 

— 6 in the eukaryotic L = 15 sequences js_r^8r9, kJ/ 
moi, the next-largest value is — J8-3 ; kJ/mol ;(fbr the 
L = 30 sequences); the value for it^e . region . ^ 15 to 

— 7 in the prokaryotic L = 18 sequences is — 9-S kJ/ 
mol, the next-largest value is —6*2 kJ/moi (for the 
L = 23 sequences)). *»-• — - 

(f) Exam-pits of "extreme* sequences • 

A selection of sequences (extracted from. our full 
collection of some 300 entries) that are "extreme** 
in one way or another is on display in Figure 3. The 



* 1 1 ■ i • « > 



Figure 3. A collection of "extreme** signal nt»quem<-> 
|w the text). The h- region is in boldface. Line a. mou>r 
/■-rrystallin: b. V.choierae toxin (ctxA): c. human 
HLA-IX* /Nchain: d. *S\ aurevj* protein A: e. human 
iittiuenza A .'Jap.' haemagglutinin: f. E. colt It enterotoxiu. 
A-subunit: g. human & fibrinogen: h. phage Tke gvne 
VHI-prntein: i. chicken 2-2 (I) collagen (Tate tt al.. 198"!!: 
j. mouse MHC E ff -chain: k. human pancreatic p<»ly- 
peptide: I. C. diphtheria? toxin tox '223: m. human chorio- 
gonadotropin. 0-subunit: n. hamster glucagon: o. E. n*li 
ompA protein: p. ovine a-S2 casein (Mercier & Gavr. 
1980). 



first four entries show extremes in overall length, 
with a more than twofold increase from the shortest 
(L = 13) to the longest (L = 36). The variation in 
the n-region is even more - impressive: from one 
residue (line e) to 17 (lineg). The shortest 
eukaryotic h-region found so far is only seven 
residues long (line i); the longest is some 16 residue* 
(line k). For the prokaryotesp the corresponding 
values are nine and 15 (lines: rj and J). In terms of 
amino acid composition, there are h -regions that 
are almost 100% Leu (line m).,-.0.%;Leu (line n) t rich 
in Phe (line b), and rich in Ala (line o). The 
sequence in line d, finally, has an unusuaJly long 
c- region (10 residues). 

(g) Point mutations, deletions and revertants 

Counting from the cleavage site, almost all 
export -deficient point mutations described so far 



Table 4 

Frequencies of a few selected amino acid residue* in the h-region of the carious length- 
classes (cf. Table JJ 
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18 


19 


20 


21 


22-23 


24 


25 


2t*-3l> 


Uu 


IKJ7 


0-39 




0-36 


0-43 


0-32 


0-3H 


0*2S 


0-3<j 


Val 


(M)S 


0-13 


0-12 


008 


0-10 


0-11 


0-Ott 


0-16 


0-08 


!*h«r 


0-08 


(MW 


0HJ9 


0-12 


O-Oti 


0-08 


0-07 


0-12 


IH>4 


- Ala 


0-13 


o-lo 


0-09 


0*08 


0-12 


0-10 


0-13 


O-ll 


0-09 


S*r 


0-O7 




0-09 


0-4)5 


0-05 


(HJ6 


0-07 


0-04 


0-10 



The h-region is defined a* the region between puaition —6 and the mean pewit ion of the n/h 
boundary a* resd from Fig. 2(b). 
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Figure 4. Signal sequence point mutations and 
,ir letiona ■ (Silhavy ef al., 1983). The h-region is in 
boldface. 



fall in the region — 7 to —14 (Fig. 4) except for a 
Leu_ l7 — Pro mutation in malE. Non-functional 
deletions and partially or totally restored 
revertants are shown in Figure 5; again, it seems 
that an intact h-region between residues —7 and 
-14 (counting from the cleavage site) is required 
for proper functioning. Exceptions are the 
. functional Gly_ 9 — Arg or Asp mutations in lamB. 
the only indications so far of position-specific effects 
in the h-region. 



4. Discussion 

Taken at face value, the results presented here 
suggest that the n, h and c-regions that together 
make up the signal sequence are under different 
selective pressures, although they are by and large 
similarly selected in eukaryotes and prokaryotes. 
The c- region does not contribute to the variation in 
overall length: it extends, with small variations, 
from residue — l'to — 5 (in eukaryotes) or —6 (in 
prokaryotes). and it follows the "( — 3. — l)-rule" for 
defining the cleavage site (von Heijne. 1983. 1984a). 

The n-region. on the other hand, is extremely 
variable both in terms of length and amino acid 
composition, but its net charge, which is always 
positive with a mean value of about + 1-7. does not 
vary appreciably with its length. 

The h-region. finally, still presents something of 
an enigma. The statistics on the wild -type 
sequences and the results from mutation studies 
agree that residues —7 to —14 (in prokaryotes) or 
-0 to —13 (in eukaryotes) are the most important 
ones and constitute what seems to be a "minimal" 
h-region. Overall hydrophobicity seems to be the 
one governing principle in this region, and. indeed, 
substitutions of more hydrophobic for less 
hydrophobic residues seem to make a big difference 
in h-regions that are close to the minimal length 
(Fig. 5): one Ser. Gly. Thr or Pro can obviously be 
tolerated in a "minimar h-region. but not two. It is 
uncomfortably true, however, that the lamB G\y. 9 



;!.»••! . u • •. i 4 ' I u • > i . , , : •'« : Ml 

*!/*•«•" * ... •. « * r i t, »«>.»• t ■«,.:••« i »ri 

.WT - - . ; • . . * ; * « » f » i £ I - i * 4 * a .»V 0 «W» 

-•(•:-.•.»<»»;.■•* 4 • «*v 3 t«- 
i :-<■-*««*■ «*v a :m 
« * i -. ; - ■ - * * » z • • • * « * ■ «-v o :u 

Figure 5. Signal sequence deletions and wholly or 
partially restored revertants (Bankaitis et al.. 1984: Emr 
<fc Silhavy. 1983). The h-region is in boldface. The 
percentage values refer to the amount of correctly 
exported protein relative to wild -type (wt). 



mutations do not fit this picture without additional 
assumptions. 

Thus, we are left with a picture of the "minimal *' 
signal sequence as one composed of a five 
(eukaryotes) or six (prokaryotes) residue- -long 
c-region: a seven (eukaryotes) or eight (prokaryotes) 
residue long h-region with at most one Ser.'.Giy. TKr 
or Pro among the hydrophobic residues: and . a one 
(eukaryotes) or two (prokaryotes) residue Jong, 
positively charged n- region. Thus, it seems that all 
three regions can be one residue shorter in 
eukaryotes. making the shortest eukaryotic 
sequences three residues shorter than the shortest 
prokaryotic ones (cf. Table 1). If the^.n^. ip h,/an_?iv 
c-regions are indeed independent, it' -should ; be , 
possible to make a functional 13-residue long 
eukaryotic signal sequence (cf. Fig. 3. line a) and a^ 
I6-residue long prokaryotic one. If the :regipps: arej 
allowed to overlap slightly, even sh orter (sequences 
may be possible (see Fig. 3. line p for an 3 exam pie of 
h/c overlap). i;* 

The maximal limits are harder to find^ llj seems, 
clear that the c- region cannot be much longer than 
its "consensus" length of five or six residues. 4 
Likewise, if the h-region becomes longer than about 
20 residues it may in fact anchor - the ^protein 
permanently to the membrane and turn jntbVan . 
N-terminal /rau.<-membrane sequence (cf.. von 
Heijne. 1981: Bos et al.. 1984). The limits on the 
n-regiori. finally: 18 residues have been attached to 
the X terminus of a cloned insulin gene, making the 
n*region '2\ residues long, with no effect upon 
export (Talmadge et al.. 1081): on the other hand, a 
mutant Sindbis virus glycoprotein with its X 
terminus fused to a 30.000 M T cytoplasmic protein 
is not exported (tt'irth et al.. 1979). The exact limit 
remains unknown, however. 

What. then, are the functions of these regions? 
Structurally, they appear to be quite independent, 
and they do not seem to be co-selected in any 
important way. The c-region is clearly involved in 
defining the cleavage site (von Heijne. 1984<2); the 
h-region has been suggested as being the target for 
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.signal recognition particle" (SRP) which 
s a transnational block on cytoplasmic 
ni..;-omes synthesizing proteins destined for export 
(Walter et ni.. 1981): and the n-region may have 
something to do with the "docking protein" 
catalysed release of the SRP-induced block (Hall et 
ni.. 1983: Viasuk et aL. 1983). In contrast to the 
universally conserved "( — 3. — 1 )-design" of the 
cleavage site (von Heijne. 1983). however, no 
specific patterns of amino acids have yet been 
detected in the rest of the signal sequence, and the 
h as well as the n-region seem far too variable, both 
in terms of length and amino acid sequence, to 
allow for specific protein-protein interactions such 
as those envisioned in the current models of how 
SRP works. Instead, both regions seem well -suited 
for !>indin£ in a rather unspecific way to the surface 
(n-region) and to the interior (h-region) of 
membranes, as suggested repeatedly in the 
literature (DiRienzo et aL. 1978: von Heijne & 
Blomberg. 1979: Wickner, 1980: Engelman & 
ISteitz, I9S1). 

The length variations observed in the h-region 
(^8 to ^-20 residues) may indicate that this region 
spans the 25 to 30 A thick non-polar interior of the 
membrane as a structure composed partly of 
a-helix. partly of extended chain depending on its 
length: eight residues in a fully extended structure 
will have a length of some 27 A, close to the length 

«:;, 20-residue long helix. Since the helical 
V; .nation should be thermodynamically 
;rred in a non-polar environment, h-regions of 
intermediate length would span the membrane 
as part a, part ex tended -chain structures (cf. 
Bedouelle <fc Hofnung, 1981). 

However, this does not explain the SRP-effect. 
By substituting a polar leucine analogue for Leu in 
a Leu-rich signal sequence one can bypass the SRP* 
induced translational block and get a cytoplasmic 
protein; with a Leu-poor signal sequence this does 
not happen (Walter et ai., 1981). It may be, though, 
that this does not come about as a result of a direct 
interaction between the signal sequence and the 
SRP; rather, the relation between the two may be 
indirect and not dependent upon a specific protein- 
protein interaction. One might speculate that the 
signal sequence somehow interacts with the 
ribosome rather than with the SRP f and that the 
SRP halts translation by interacting with the 
ribosomal translocation site on ribosomes 
"sensitized" by the presence of a signal sequence. 

This work was supported by a grant from the Swedish 
Natural Srie-nrw Research Council. 
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Fig. 1. A 'typical* signal sequence (human chorionic gonadotropin, a subunit) with the hydrophobic core in boldface and the cleavage site marked by an ar- 
row. Note the charged residues in the N-terminal region, which has a net charge of +2. 



Table I. Number of signal sequences with a given net charge in the N-tcrminaJ 
region (counting + 1 for Arg and Lys, and - 1 for Asp and Glu) in the 
eukaryotic and prokaryotic samples 



Net charge 
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Eukaryotes 
Prokaryotes 
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NetCharge .. - 

Flgl 2. Distribution of the net N-terminal charge calculated from Table I, 
with one positive charge added to each eukaryotic sequence. Eukaryotic 
-sample = dotted bars, prokaryotic sample = hatched bars. 

(defined as the segment from the initiator Met to the charged 
residue closest to the hydrophobic core) longer than three 
residues (eukaryotes) or four residues (prokaryotes) in the 
calculation. Amongst the eukaryotic sequences, only six out 
of 62 (10%) have Arg or Lys in this position, whereas there 
are 12 sequences out of 22 (55%) with a positively charged 
residue next to Met f among the prokaryotic sequences. Thus, 
a positive charge close to the N terminus may be advan- 
tageous. 

Similarly, in signal sequences with both positively and 
negatively charged residues in their N-terminal region (such as 
the one in Figure 1), the charged region ends with a positive 
charge on its C-terminal side in 13 out of 14 cases. This latter 
observation may be explained either as a functional require- 
ment or simply as a consequence of selection against negative- 
ly charged residues: starting from a highly positively charged 
N-terminal region (the only kind that presumably will accept 
a negative charge), an acidic residue should be much more 
likely to be functionally neutral when placed well inside the 
charged region rather than in the hydrophobic region, 
C-terminaily to the last positive charge, where the introduc- 
tion of a charged residue may often have a deleterious effect 

2316 
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Fig. 3. Length distribution of the charged N-terminal regions (counting 
from the initiator Met to the charged residue closest to the hydrophobic 
core, see text). Eukaryotic sample = dotted bars, prokaryotic sample = 
hatched bars. 



(Emr and Silhavy, 1982). 

Although the connection between the selective constraints 
on the N-terminal region demonstrated here and the actual 
functioning of the signal sequence still remains to be made, 
one clue is provided by the work of Vlasuk et ai (1983) who 
have shown that both translation and secretion of the outer 
membrane lipoprotein from Escherichia coli are reduced 
when the net N-terminal charge is lowered from its wild-type 
value of +2: with zero net charge, synthesis is down to 
-60% but secretion is unaffected; with a negative net charge, 
synthesis is reduced even further and, in addition, most of the 
protein made accumulates as precursor in the cytoplasm. This 
fits nicely with the net charge distribution in our sample, 
where 94 of all sequences have an N-terminal net charge ot 
+ 1 or greater and 67<7o have a net charge of at least +2. 
There are only two sequences with a net charge less than zero, 
i.e., a x-immunoglobulin light chain (L-321) (Burstdn and 
Schechter, 1978), and pea seed lectin (Higgins et ai f 1983J, 
unfortunately, not much is known about their level of syn- 
thesis and secretion. 

Finally, if the explanation given above for the difference in 
the number of basic residues between the prokaryotic ana 
eukaryotic signal sequences (i.e., the uncharged Metf versus 
the positively charged Met at their respective N termini; 
correct, one prediction is that archaebacterial signal . se- 
quences will turn out to be more like their eukaryotic tn an 
prokaryotic counterparts since they are synthesized witn 
unformylated initiator Met. In view of the results of Vlasux 
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/ referred to above, another implication is that up to 30% of 
eukaryotic secreted proteins (those with a net charge of 
or less, not counting the initiator Met) may need one or 
•xtra positively charged residues on their N terminus to 
w ..lectively made and exported from a prokyarotic cell. 

Materials and methods 

Thirty nine prokaryotic and 134 eukaryotic signal sequences are included in 
2 study. Unless otherwise indicated, the original references can be found in 
ukrhaelis and Beckwith (1982) or von Heijne (1983, 1984). 
Prokaryotic sequences: the sample includes all sequences ltsted in von 
udine (1984), plus the following: Bacillus ticheni/orma and Staphylococcus 
22* penicillinase (Nielsen and Lampen. 1982); E cot and Ervm,a 
ZZoni lipoprotein (Yamagata era/., 1981): E. col, heat stable toxin STI; 
Zyneoacterium diphtheriae toxin (Kaczorek el al., 1983); E. col, galactose- 
Sng protein (Scripture and Hogg. 1983); phage IKe major and minor coat 
Steins (P-Pceters and R.Konings, personal communrat.on); Vtbno 
fierce toxin (Mekalanos et at., 1983); E. coli WA^.^ 
Zc papH , pilin K88. and piiin K88a (M.Blga, S.Lundberg, B.Lund and S. 
jSk. personal communication); and molA (Clement and Hofnung. 

'^Eukaryotic sequences: the sample includes all sequences listed in von Heijne 
,1984). except: mouse embyronic V„ immunoglobulin; rat * immuno- 
Jobulin; human chorionic gonadotropin « subunit; mo ™^ ~* 
Jobulin; canine trypsinogen 2 + 3; human < cluun immimoglobuun rab.es 
^glycoprotein CVS; and rat pituitary. glycoprotein hormone « subunK. 
Sple also includes: murine and human a- fetoprot.cn Vf» a "^^ lc , 
„k 1981- Morinaga et al.. 1983); human leukocyte mterferon (Gray and 
982^aniguchi el al., 1980); human V H . V.,-107, and H«ha.n 
^nUun^ulMBernsteinerfl/.. .982; Early « <rf. 1 980; Sims eta,., 
fScrine^strin; human influenza k^^*- 
fluenzahaemagglutinin A/FPV/; mouse x L immunoglobulins (L-4 IB L-315. 
S L-32.) Stem and Schechter, .978); ^^rJd^Tch^ 
dobulnr ovine a-Sl and <*S2 casein; mouse MHC H-2L d and fc fl ^chains 
£2£ at.. 1982; SahW.. 1983); mouse MHC 1-A 

, 1983); mouse MHC I^D chain (Hyldig-Nrisen f/ aA. 1983) ««« 
• catfish and anglerfish somatostatin (Magazin et al., 1982; Argos «ai. 
^ Goodman etal. 1980; Hobarteta/., 1980): human and P°^CTH- 
RPH precursor; trypanosome surface glycoprotein; anglerfish glucagon^ 
KeSreeze p^tein (Davies et al. ™J»£^^*£. 
proteins C and D (Frink et al., 1983; Watson et ±™?^™f££ 
M (Wiebauer ef «t. 1982); bovine op.omdanc^rtmfUhler^ Herbert 
1983); human plasminogen activator (Pennica et a/ .1983). mouse epidermal 
StowU, factor (Gray et al., 1983); pea seed lectin (Hwme »*£ « 
Apoprotein E (McLean ef a/.. 1983); rat prostatic 
Sil ef al., 1983); barley a-amylase (^"f^J^H^i 
human apoprotein A-l (Karathanasis et al.. 1983) hum^ HLA LK, a 
duun (SchXg et a,., .984); human ^^SS^^ZSct 
1983); human HLA-DS a chain (Chang er al 1983 •"P"^** ve in 
testina. polypeptide (Itoh e f «/. . 1 983); ~<HK^^25!". 
human interleukin II (Tamguchi e/o/.. 1983). 5™™ 8 aJfotensinogen 
1983b); french bean phaseolin (Slightom et al.. ™»'££*£™ d \ 
(DooUttle, 1983); yeast mating factor a-l. tc^(DaThoff 
bovine chymosin. fruit fly viteUogerun ^Fung et 

.983); bovine substance P flNawa et a, ^^SfSS^l. .983); 
«/.. 1984); Amaranthus hybndus psbA ^'^^^"V,., rscheller et al., 
peilegumin (Lycett et al., 1984); Aplysia egg-laymg ^^^f.^S; 
Kmman Luin-like growth factor (Jansen ^V^fJ^S 
(Skipper et al. 1984); Friend spleen ^^JSmSS 
(Amanuma tf «/.. 1983); rat luteinizing h°™ ne £ s " bU $ 3 ? £J2 ^owth 
« seminal vesicle secretion IV protem 0^ * preceptor 
bormone-releasing factor (Gubler et «/.. 1983 J ; ™ 4 
(Hedrick ef a/.. 1984); human T cell protem YT35 ^^T^^ el 
Poly-Ig receptor (Mostov et al., 1984); and rat cholecystokimn (Descnenes 

*. 1984). 

Acknowledgements 

I His work was carried out during a stay at ^TTSantt^S 
* Molecular Genetics. Harvard Medicd Sehod: W «gj» »™ 
n Beckwith for his support and hospitality, and to Dr. Kathy Mraucn 
flight me a lot about the biochemistry of Met,. 

References 

Amanuma,H.. KatoriA. Otatt.NL. Sagata.N. and Ikawa.Y. (1983) Proc. 
Natl. Acad, Sci. USA, 80, 3913-3917. 



Argos.P., Taylor.W.U Minth.C.D. and Dixon.J.E. (1983) J. Biol Chem.. 
258! 8788-8793. 

Bemstein.K.E., Premkumar Reddy.E., Alexander.C.B. and Mage.R.G. 

(1982) Nature, 300, 74-76. 
Burstein.Y. and Schechter.I. (1978) Biochemistry (Wash.). 17, 2392-2400. 
Chang.H.-C, Moriuchi.T- and SUver.J. (1983) Nature. 305, 813-815. 
Chin.W.W., Godine.J.E., KIein,D:R., Chang.A.S., Tan,L.K. and Habcner, 

J.F. (1983) Proc. Natl Acad. Sci. USA, 80, 4649-4653. 
Clfcment.J.M. and Hofnung,M. (1981) Celt, Z7, 507-514. 
Davics.P.L., Roach , A. H. and Hew,C.-L. (1982) Proc. Natl Acad. Sci. USA. 

79, 335-339. 

Dayhoff.M. (1983) Protein Sequence Data Bank. 

Deschenes.RJ.. Lorentz,L.J., Haun.R.S.. Roos.B.A., Collicr,K.J. and 
Dixon.J.E. (1984) Proc. Natl Acad. Sci. USA, 81, 726-730. 

DoolittlcR.F. (1983) Science (Wash.), 222, 417^19. 

Early.P., Huang.H., Davis,M., Calame.K. and Hood,L. (1980) Cell, 19, 981- 
992. 

Emr.S.D. and SUhavy.T.i. (1982) J. Cell Biol. 95, 689-696. 

Evans.G.A., Margulies,D.H., Camcrini-Otcro f R.D., Ozato,K. and Seidman, 

J.G. (1982) Proc. Natl Acad. Sci. USA, 79, 1994-1998. 
Frink,R.J„ Eisenbcrg.R.. Cohcn,G. and Wagncr.E.K. (1983) J. Virol, 45, 

634-647. 

Fung.M.C., Hapd,A.J.. Ymer,S., Cohen,D.R., Johnson.R.M.. Campbell, 

H.D. and Young.l.G. (1984) Nature, 307, 233-237. 
Furutani,Y., Morimoto,Y., Shibahara,S„ Noda,M., Takahashi.H., Hirosc, 
T., Asai,M.. Inayama.S., Hayashida,H., Miyata,T. and Numa.S. (1983) 
Nature, 301, 537-540. 
GilmorcR. and Blobd,G. (1983) Cell, 35, 677-685. 
Goodman.R.H., Jacobs j.W., Chin.W.W., Lund.P.K., Dee.P.C. and Hab- 

ener,J.F. (1980) Proc. Natl Acad, Sci. USA, 77, 5869-5873. 
Gray,A., DullJ. and Ullrich,A. (1983) Nature. 303, 722-725. 
Gray,P.W. and Goeddd.D.V. (1982) Nature. 298, 859-863. 
GublcF,U., Monahan,JJ., Lomcdico.P.T., Bhatt,R.S. ( ColUer,K:J.. Hoff- 
man h J.. Bohlen.P., Esch.F., Ling.N.. Zeytin,F., Brazeau.P., Poonian, 
M S and Gage, L.P. (1983) Proc. Natl Acad, Sci. USA. 80, 4311-4314. 
Hall M.N., GabayJ. and Schwartz,M. (1983) EMBO J., 2, 15-19. 
Harris,S.E., Mansson,P.-E. f Tully,D.B. and Burkhart.B. (1983) Proc. Natl 

Acad. Sci. USA. 80, 6460-6464. 
Hedrick.S.M., Nidsen,E.A., Kavaler.J., Cohcn.D.L and Davis.M.M. (1984) 
Nature, 308, 153-158. _ 
Higgins,T.J.V., Chandler, P.M.. Zurawski.G.. Button.S.C. and Spencer,U. 

(1983) J. Biol Chem.. 258, 9544-9549. 
HLhenberg,J, and Mclntosh,L. (1983) Science f^ ^;,^^ 
H6bart,P.,Crawford,R.. Shcn.L., Pictet.R. and Rutter,W.J. (1980) Nature, 

H SmS!klespie,D. and Lodish.H.F. 0^)/^ Bi ?% 
Hyldig-Nielsen,J J,; Schenning,L., Hammerhng U., Widmark.E., HekUr i E., 
: lind.Pti. Ser^enius.B., Lund.T., FlaveU.R.. Lee.J.S. Trowsdale.J-, 
r Schreier,P.H. V rZibliUky.F., Larhammar.D.. Peterson,P.A. and Rask.L. 
(1983) Nucleic Acids Res., 11. 5055-5071. ■ . 

Inana;a; Piatigorsky.J., Norman.B., SHngsby.C. and Blundell.T. (1983) 

itofete^ and Okamoto,H. (1983) Nature, 304. 547- 

-JanlenM van ^ 'Schaik.F.M.A., Ricker,A.T.. Buttock.B.. Woods.OE.. 
^bSjcS?; Sba^m.A.L., Sussenbach.K.H. and Van der Brande, 
J.L. (mi) Nature, 306. 609-611. MiimhvJR 
Kaczorek.M.. Delpeyroux.F.. Chenciner.N Srecc^R.E Murphy.J.R.. 

Boauet P and Tiollais.P. (1983) Science (Wash.). 221, 855-858 
^Si^X ^A and Breslow,J.L. (1983) Proc. Natl Acad. 

K^C^SKSb. and Beckwith,. C^^. *g 

Mc?ean.J.W.. Fukazawa,C. and Taylor.J.M. (1983) J. Biol Chem., 258, 
JES-J.. Swaru,D.i., ta».aaN., Harford.N.. Groyne.F. and 

2317 



THIS PAGE BLANK (uspto) 



G. von Hrijne 



Acad. Sri. USA, ^ G (198 4) Nature. 3<M, 37^3. 

Mostov.K.E., F"^ dCT ' M - .^J^Sma S and Nakanishi.S. (1983a) 
Nawa.R, HiroseJ., Takashima.H.. toayamO. an 

Nalure. 306. _ „ ,., M , am(I ,5. W ..VaA.ami.Wr- 

(1983b) Proc. Nrt A«f. ^ ^j'aot'chem.. 257. 44904495. 
Nieben,J.B.K. and iSJ*?^ Vehar.G.A.. Ward, 

Heynekc.H.L. and 

Go«idel,D.V (1983) »°™*^™ Mol Bioi , 167 , 391409. 
Perlman.D. and Halvorson.H.O. (1983) J. M*«» ' 
PincM.J. (1969) B/octon. flop***- A*"- Y^^'Z. „ 1A n o 174 

a^Peterson.P.A. (1984) £M^-. 3. 447-452^ 108 5J-1085S. 
s£S.. Raboita.T.H, Est^P Tuc^P.W. and Capra. 

- d Hau - TC (,983) * 

tAsss^.. »«— si r*- 8 - Mu ™ ,M - and 

Weissmann,C. (1980) Nature. VS. 547-549 N Yoshimot0 , 

Tariiguchi.T., Matsui,H., Fuj.taJ.. Taka^f - *■>»«■•"- 
■ R. ahdHamuro,Jai983)^ft««. 3W, 305-310_ 

; • • Chem., 258, 7141-7148. 
: ; von Heijhe.G. (1983) Eur. J. ftoohem-. »»• ": 2l • 
; Wat»n,R.J., Weis,J.H., Salstrom,J.S. and Enquist,L.w. V 
>. (Wash.), 218. 381-384. „ (1982) Proc. Natl. 

' Wiebaiier.K.. Domdey.H.. Diggdmann.H. and Fey.O. imv r 
^' '^cad- Sci: USA. 79. 7077-7081. c 255 

^ ^mmaM., Nakamura*. and Inouye,M. (1981) J. m*. 

^"-'^2194-2198. -up Aleksander.I. and Mak, 

' 'V r ^ahagi,Y., Yoshikai.Y., Leggett.K., Clark.S.P., AleKsanocr, 



2318 



TMJS RAGE BUNK 



(USPTO) 



£ur J. Biochem. 133, 17-21 (1983) 
FEBS 1983 



patterns of Amino Acids near Signal-Sequence Cleavage Sites 

Gunnar VON HEIJNE 

Research Group for Theoretical Biophysics, Department of Theoretical Physics, Royal Institute of Technology, Stockholm 
(Received October 27/December 30, 1982) - EJB 6142 

According to the signal hypothesis, a signal sequence, once having initiated export of a growing protein chain 
across the rough endoplasmic reticulum, is cleaved from the mature protein at a specific site. It has long been known 
that some part of the cleavage specificity resides in the last residue of the signal sequence, which invariably is one with 
a small, uncharged side-chain, but no further specific patterns of amino acids near the point of cleavage have been 
discovered so far. In this paper, some such patterns, based on a sample of 78 eukaryotic signal sequences, are 
presented and discussed, and a first attempt at formulating rules for the prediction of cleavage sites is made. 



The molecular basis for the highly precise cleavage between 
signal sequences and mature exported proteins has been 
somewhat of an enigma ever since the first pre.-proteins were 
sequenced some ten years ago [1], The last residue of the signal 
sequence has been found to be either Ala. Gly, Ser, Cys, Thr or 
Gin, i.e. one with a small, uncharged side-chain, and it has also 
been shown that the signal sequence has a very hydrophobic 
central core [2], but neither the positioning of this core relative 
to the cleavage site, nor the patterns of amino acids found at 
this site have so far allowed a precise-prediction of the position 
of the point of cleavage from sequence data alone. In this paper, 
we show that the patterning of amino acids near the cleavage 
site is much richer than hitherto believed, and that, given this 
information, cleavage sites can be predicted quite successfully. 



RESULTS AND DISCUSSION 

Analysis of a comprehensive collection of known eukary- 
otic signal sequences,* aligned with coincident cleavage sites 
(Table I), reveals some interesting regularities. As shown in 
Table 2, whole classes of residues are absent not only from 
position — 1 (the last residue of the signal sequence, cf. above) 
but also from position. —3, and, conversely, the same types of 
amino acids as in position — 1 are strongly preferred in position 

- 3. Also, these small, neutral residues are quite rare in position 

- 2 (there is only one Ala in position r- 2. in contrast to position 
-1 with 36, and position -3 with 25 alanines). 

Moreover, the bulky aromatic residues seem to be selected 
for in position —2, whereas the secondary-structure-disrupting 
residues Gly and Pro are found predominantly in positions — 4 
and -5, respectively. In addition, there is not a single Pro 
residue in the whole region between —3 and + 1. 

The hydrophobic residues seem to be merely tolerated in 
positions -hi and -2 to -4: they are conspicuously rare 
in position — 5, and then become dominant from position -6 
onwards as one goes further into the central hydrophobic core 
(see above). 

Finally, although charged residues are tolerated to some 
extent in positions -2, -4 and -5, they are much more 
abundant in the mature sequences, starting from position + 1. 

A similar analysis of a smaller sample with all isozymes 
and obviously related sequences removed yields essentially 
identical results (data not shown). 



These observations make it possible to formulate a pre- 
liminary set of rules that can be used to predict the point of 
cleavage in a given pre-protein sequence. At this stage, we have 
felt it reasonable to deal with classes of amino acids rather than 
individual ones, and the following scheme can thus be refined as 
more sequences and data for individual residues become 
available. 

The prediction method proposed here has two components : 
first, the N terminus of the hydrophobic core is located by 
searching from the N terminus for the first quadruplet with at 
least three hydrophobic residues (group IV in Table 2, not 
counting the initiator Met), and defining a 'window' for 
processing between residues /+ 12 and r + 20 (*" being the first 
residue in the quadruplet). Then, for each residue in the 
'window 1 , a measure of 'processing probability* is calculated by 
multiplying together the respective values from Table 3, values 
chosen 'by inspection' so as roughly to reflect the amino acid 
patterns discussed above, and fine-tuned to maximize the 
number of correct'predictions. Finally, the site of processing is 
predicted as the site with the highest 'processing probability'. 

Applying this scheme to the sequences listed in Table 1 , only 
5 out of 76 processing sites are incorrectly predicted (nos 18, 22, 
37, 42, 45), with one additional case where the method cannot 
differentiate between the correct and one incorrect site (no. 52). 

Using less than the full set of rules, it was found that the rule 
'no Pro in position + T can be discarded without affecting the 
number of correct and undecided predictions for the present 
data base. All other rules are important, though. As an 
illustration, using only the rule for position -i yields 16 
incorrect and 39 undecided predictions, and adding the rule for 
position -3 only improves these figures to 14 incorrect and 16 
undecided predictions. 

The amino acid patterns presented here can perhaps also 
yield some insight into the actual structure of the signal- 
sequence -protease complex. As shown above, positions - 1 
and - 3 seem to be strongly selected for small, neutral residues, 
whereas positions +1, -2, and -4 seem to accomodate 
almost any kind of residue. Moreover, there is not a single Pro 
from position -3 to + U and, further, this region is often 
separated from the hydrophobic core of the signal sequence by 
the strong helix-breakers Pro or Gly [3]. 

Thus^a possible signal-sequence - protease structure would 
be an alternating sheet structure near the cleavage site Joined at 
its N terminus to a largely hydrophobic helix (Fig. 1). Possibly, 
position + 1 is located close to the membrane surface, as 
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Table 1. A collection of eukaryotic signal sequences 

In ihe first part, the sequences have been aligned from their known cleavage sites (between positions - 1 and + 1 ): in the second part sequences in w hich the 
location of this site is unknown have been aligned from their predicted sites of cleavage (see text). The predicted cleavage sites are indicated by a star (*), and 
the processing 'window* is shown by slashes (/; when a * and a / coincides, only the * is shown). Amino acids are symbolized by the one-letter code, i.e. A 
= Ala, C = Cys, D = Asp, E = Glu, F = Phe t G » Gly, H = His, I = He, K = Lys, L = Leu, M = Met, N = Asn, P = Pro, Q = Gin, R = Are, S = Ser, T 
= Thr, V = Val, W = Trp, Y = Tyr, X = unknown. Proteins are as follows; 1 : whey phosphoprotein, rat; 2: a-1 acid glycoprotein, rat; 3: a-thyrotropiri, 
mouse; 4: insulin, hagfish; 5: insulin, anglerfish; 6: insulin, human; 7: insulin I, rat; 8: insulin II, rat; 9: 0-casein, ovine; 10: x-casein, ovine; 
11 : a-lactalbumin, ovine; 12: /Mactoglobulin, ovine; 13: ot-sl casein, ovine; 14: a-s2 casein, ovine; 15: glycoprotein, VS virus; 16: VLDL-II, cockerel; 
17: melittin, bee; 18: lactin, rat; 19: placental lactogen, human; 20: /J-choriogonadotropin. human; 21 ^-choriogonadotropin, human; 22: uteroglobin, 
rabbit; 23: growth hormone, rat; 24: growth hormone, human; 25: growth hormone, bovine: 26: parathyroid hormone, bovine; 27: relaxin, rat; 
28: serum albumin, rat; 29: serum albumin, human; 30: liver albumin, rat; 31 : tropoelastin B, chicken; 32: ovomucoid, chicken: 33: lysozyme, chicken; 
34 : conalbumin, chicken ; 35 : a-1 antitrypsin, human : 36 : prostatic binding protein, rat; 37 : prostatic binding protein c2. rat : 38 : glycoprotein, AD virus; 
39: apolipoprotein Al, rat; 40: glycoprotein, rabies virus; 41: hemagglutinin, human influenza Victoria: 42: hemagglutinin, human influenza Jap; 
43: hemagglutinin, avian influenza FPV; 44 - 50: leukocyte interferon, human; 51 : immune interferon, human: 52: fibroblast interferon, human; 53-56: 
x-immunoglobulin, mouse; 57 — 59: ^-immunoglobulin, mouse; 60, 61: x-immunoglobulin, mouse: 62: H-chain immunoglobulin, mouse; 63 — 66: 
embryonic VH-immunoglobulin, mouse; 67: H-chain immunoglobulin, mouse; 68: trypsinogen 1, canine; 69: trypsinogen 2 + 3, canine; 70: 
chymotrypsinogen 2, canine; 7t : carboxypeptidase A 1, canine; 72: amylase, canine; 73, 74: amylase, mouse; 75: amylase, rat; 76: a-lactalbumin, rabbit; 
77: a-lactalbumin, porcine; 78: carboxypeptidase A, rat; 79: ACTH-/J-LPH precursor, bovine: 80: ACTH-0-LPH precursor, porcine; 81 : ACTH-/J-LPH 
precursor, human; 82: gastrin, porcine; 83: renin, mouse; 84: glycoprotein, trypanosome; 85: somatostatin, catfish; 86-88: somatostatin, anglerfish; 
89: calcitonin, rat; 90: glucagon, anglerfish 
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*X*E F X X X/D 


E 


P 


X 


[37] 


40 
















M 


V 


P 


Q 


A 


L 


L 


F 


V 


P 


L 


L V F P L/C F 


G< 


'K F P I Y/T I 


L 


D 


IC 


[38] 


41 






















M 


K 


T 


I 


I 


A 


L 


S 


Y I F C L V F/A< 


'Q D L P G N D/N 


N 


s 


[39] 


42 
























M 


A 


I 


I 


Y 


L 


I 


L L F T A V R/G 


D Q I C .1 G* Y/H 


A 


N 


[39] 


43 


















M 


N 


T 


Q 


I 


L 


V 


F 


A 


L 


V A V I P/T N 


A 4 


'D K I C L/G H 


H 


A 


V 


[39] 


44 








M 


A 


L 


T 


F 


A 


L 


L 


V 


A 


L 


L 


V 


L 


S 


C/K S S C S V 


G< 


'C/D L P Q T H 


S 


L 


G 


[40] 


45 








M 


A 


L 


T 


F 


Y 


L 


M 


V 


A 


L 


V 


V 


L 


S 


Y/K S F S*S L" 


G 


C/D L P Q T H 


S 


L 


G 


[401 


46 








M 


A 


L 


S 


F 


S 


L 


L 


M 


A 


V 


L 


V 


L 


S 


Y/K S I C S L 


G< 


>C/D L P Q T H 


s 


L 


G 


(40] 
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Table 1 (continued) 



vhich the 
r(*),and 

• 

1, OVn.c; 

cockerel; 
roglobin, 
txin, rat; 
chicken; 
vD virus; 
nza Jap; 
;53-56: { 
63-66: { 
line; 70: } 
n, rabbit; j 
H-0-LPH ! 
nglerfish 



Refer- \ 
ence ; 

f 



S [8] 

L [9] 

3 [10] 

D [U] 

S [12] 

H [13] 

H [13] 

H [14] 

3 [15] 

C [15] 



[151 
[16] 
(17) 
118] 
[19] 
[20] 

[21] 
[22] 



I [23] 
[24] 
[25] 
[26] 
[271 
[28] 
K [291 
K [30] 



K 
G 



[3U 
[32] 



X [33] 

X [33] 

X [33] 

K [34] 

E [35] 

L [35] 

A [36] 

X [37] 

K. (38] 

S [39] 

N < 1f >l 

• 

G [40] 



p r0 . Amino acid in position 
tcin 



Refer- 
ence 



-20 



-15 



-10 



-5 



-1*1 



10 



47 
43 
49 
50 
51 
52 
53 
54 
55 
56 
57 
53 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 



M 
M 
M 
M 



M G 



R M 
D M 



F 
F 
F 
F 
K 
N 
R 
E 
E 
E 
M 
M 
M 
E 
R 

M 
I 

M 
M 
M 



L L 

L L 

L M 

L M 

T S 



A F 
X 



L A 

I A 

F G 

L W 

L W 

L W 

I L 



F G 
L L 



M M 
M M 



M K 

M K 

P L V P 

S F V S 

M K R 



L L 
L L 
L L 



C/K 
Y/K 
C/K 
C/K 
C I 
C F 
L L 
L W 
L W 
L W 
A L 
A L 
A *L 
L W 
L L 



A 
G 
G 
L 
V 
V 
F 
L 
L 
L 
V 
L 
L 
L 

I V/F 
I L/F 
L L L 



S C 
I C 

s c 
s c 



P/G 
P/G 
P/G 
S/G 
S/G 



S L G'C/D 
S L G*C/D 
S L G*C/N 
S L G*C/N 
L G S/L G*C Y 
T/T A L S 
P G T/R C 
S T G 
S T G 
A D 
A I 
A 1 
S G/A S 
S G/T D G 
P G T/R C 
P/G I M 
A G/V H 
A G V/H 
A G/ I H 
A G/V Y 
A/G V H S* E V Q 
X A A V/AM P T 
X A X/V A* F P I 
XVAFXXXV 
X A I Y X Q X A 
G F X/VA*Q Y A 
G F C/W A*Q Y D 
G F C/W A*Q Y D 
G F C Y A*Q Y D 
I Q A* T Q/L 
I Q A*K Q/F 
V/C G*N E N 



T H 
T H 
T H 
T H 
P/Y 
L G 
Q/S 
Q S 



P E 

P Q 
S Q 
S Q 
Q D 
N/L 
M T 
L/T 
L/T 
V/S 
V/T 
V/T 
V T/Q 
X X/X 
M T Q/S 
L/Q E S 
X X/X X 
X X X/X 
X X/X X 
X X/X X 
L/Q Q S 



Q 
I 

Q 
Q 



P G 
P A 
E A 



S 

s 
s 
s 

V 
F 
P 
P 
P 
P 

s 
s 
s 

X 

p 

G 
X 
X 
X 
X 
G 

D D/K 
D/D K 
I X 
X X 
H X/X 
H T/Q 
T/S 
T A 
C E 
C E 
G/H 



G 
G 
N 
N 
E 

Q 
s 

S 

s 
s 

L 
L 
L 
X 

s 

G 
X 
X 
X 
X 
E 
V 
V 
X 
X 
X 
R 
R 
R 
E 

Q 
L 



[40] 
[40] 
[40] 
[4U 
[42] 
[43] 
[44] 
[44] 
[441 
[44] 
[44] 
[44] 
[44] 
[44] 
[44] 
[44] 
[45] 
[45] 
[45] 
[45] 
[46] 
[47] 
[47] 
[47] 
[47] 
[47] 
[47] 
[47] 
[47] 
[48] 
[43] 
[49] 



Sequences with unknown cleavage sties 



79 
80 


M 


P 


R 


L 


C 


S 


S R S G A 


L 


L 


L 


A 


L 


L 


L Q 


A S Mf E V R G*W 














M A W Q G 


L 


L 


L 


A 


A 


C 


L L 


V L P/ S T M A*D 


81 














Mr'A" R * F L 


T 


L 


C 


T 


W 


L 


L L 


L G/ P- G L L A* T 


82 












■M 


Q, R L C A 


Y 


V 


L 


I 


H 


V 


L A 


L A A C/S E A* S 


83 












M 


D R R R M 


P 


L 


W 


A 


L 


L 


L L 


WSPCTFS*L 


84 












M 


VK A I A 


S 


L 


M 


L 


L 


H 


I W 


A I E E / I K A* E 


85 








M 


; S 


;s' 


S P L R L 


A 


L 


A 


L 


M 


C 


L V 


S A V G 4 V/ I S*C 


86 


M 


V 


S 


S 


s 


R 


L R C L L 


V 


L 


L 


L 


S 


L 


T V 


Si I S C S F A*G 


87 


M K M 


V 


S 


S 


*s 


-R 


L R C L L 


V 


L 


L 


L 


S 


L 


T A 


S/ I S C S F A*G 


88 






M 


Q 


C 


■ I R C P A 


I 


L 


A 


L 


L 


A 


L V 


L C G P/ S V S* S 


89 










M 


G 


F L K F S 


P 


F 


L 


V 


V 


S 


I/L 


LLYQACG*L 


90 












M 


K R I H S 


L 


A 


G 


I 


L 


L 


V L 


G L I Q S S/C*R 



C L 
C L 



E/S S Q 
S/G C S 



V R/A ECS 



P T G 

R Q A 

G R P 

Q/R D 

Q/R D 



Q L D R/E Q 
Q A V P L R 
V L M 



C Q 
L C 
Q D 
L X 
E/R 
S R 
L N 
R L 
R L 
SDN 
STL 
Q E A/D P S 



T T F 
P/S V 
H V/V 
S K L 
S K L 



D 
A 
C 
X 

I 

T 

S 
L 
L 



[50] 
[51] 
[52] 
[53] 
[54] 
[55] 
[56] 
[57] 
[58] 
[58] 
[59] 
[60] 



indicated by the observed greater proportion of charged 
residues in this position (Table 2). 

A structure of this kind would need some 8 or 9 helical 
residues added to the 4 or 5 in the extended sheet conformation 
to reach through the non-polar interior of the membrane, a 
figure that compares quite well with the length of the uncharged 
segment of the shortest known signal sequence, 13 residues. 

A similar proposal has been made earlier on the basis of an 
analysis of predicted secondary structures for signal sequences 
[4] and the model is also in agreement with recent results from 
an energy-minimization study of the conformation of one 
Particular signal sequence [5]. 

A signaf sequence would thus contain two different and 
largely independent 'signals* : one in the form of a hydrophobic 



core, presumably responsible for initiating export and for 
binding to the 'signal recognition protein* [6], and a second one 
in the region -5 to -1 conferring processing specificity. 

This analysis has been based on a collection of eukaryotic 
signal sequences and it might be asked how well prokaryotic 
ones conform to the patterns presented here. Unfortunately, 
only some 16 prokaryotic signal sequences are known so that 
too areat a reliance on a statistical analysis would hardly be 
justified at this point. From the limited data available it seems, 
however, that the only obvious differences are limited to a more 
pronounced exclusion of charged residues from the prokaryotic 
sequences (except, of course, at the N terminus), and a strong 
preference for small, neutral residues in position -6 (data not 
shown). 
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Table 2. Number of residues of different physico-chemical character in 
positions -6 to +2 fcf Fig, 1 and Table I) 

The cleavage site is located between positions - 1 and +1.1 (aromatic 
residues): Phe, His, Trp, Tyr; II (charged residues): Asp, Glu, Lys, Arg: 
III (large polar residues): Asn, Gin; IV (hydrophobic residues): Phe, lie, 
Leu, Met, Val; V (small neutral residues): Ala, Cys, Ser, Thr: G: Gly; 
P: Pro: N.B. Phe is included in groups I and IV since it is both bulky and 
aromatic (thus excluded from positions - I and —3) and hydrophobic 
(thus abundant in the hydrophobic core) 



Group 



Number of residues in position 





-6 


-5 


-4 


-3 


-2 


-1 


+ 1 


+ 2 


I 


11 


6 


7 


0 


21 


0 


6 


7 


II 


0 


6 


7 


0 


9 


0 


25 


15 


III 


0 


6 


1 


0 


13 


1 


14 


11 


IV 


42 


7 


19 


22 


29 


0 


13 


16 


V 


27 


27 


22 


52 


9 


57 


IS 


9 


G 


0 


7 


21 


I 


3 


13 


2 


4 


P 


7 


16 


6 


0 


0 


0 


0 


11 



Table 3. 'Statistical weights' of the various physico-chemical groups of amino 
acids in positions —5 to + /, used to calculate the 'processing probability' 
(see text) 

The groups are defined in the legend of Table 2 



Posi- 'Statistical weight' of group 
tion 





I 


II 


III 


IV 


V 




G 


P 


+ 1 ' 


1.0 


1.0 


1.0 


1.0 


1.0 




1.0 


0.0 


-1 


0.0 


0.0 


0.5 


0.0 


Ala 


= 8.0 


4.0 


0.0 












Ser 


= 4.0 
















Cys 


= 1.0 
















Thr 


= 1.0 






-2 


2.0 


1.0 


1.0 


1.0 


0.6 




1.0 , 


0.0 


-3 


0.0 


0.0 


0.0 


1.0 


3.0 




1.0 


0.0 


-4 


.1.0 


1.0 


-1.0 


1.0 


1.0 




4.0 


1.0 


-5 


1.0 


1.0 


1.0 


0.7 


1.0 




1.0 


4.0 




Fig. 1. Proposed signal-sequence— protease complex. The signal sequence 
spans the membrane as a 'helix + sheet* structure. The small, neutral 
residues in positions - 1 and —3 fit into a pocket in the protease, thereby 
defining the cleavage site between positions — 1 and + 1 



More generally, prokaryotic signal sequences are richer in 
Ala and poorer in Leu than eukaryotic ones [7]. 

In conclusion, it seems that a statistical approach to the 
problem of signal sequence processing can yield valuable 
information not readily obtainable from experimental work, 
and may, with suitable refinements, provide a good basis for 
schemes predicting the site at which processing of a given pre- 
protein sequence will take place. 
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The structure of signal peptides from bacterial lipoproteins 



Gunnar von Heijne 

Department of Molecular Biology, Center for Biotechnology, Karolinska 
Institutes Huddinge Hospital-K87, S-141 86 Huddinge, Sweden 

Statistical analysis of lipoprotein and non-lipoprotein signal 
peptides reveals that the two classes differ significantly only 
in the region close to the signal peptidase cleavage site. This 
region is apolar and has the consensus sequence LA(G, A) I C 
in the lipoproteins, but is polar and has small, uncharged 
residues in positions —3 and —1 in the non-lipoproteins. A 
simple search for matches to the lipoprotein consensus 
cleavage site suffices to discriminate between the two groups 
with close to 100% reliability. 

Key words: signal peptide/lipoprotein/consensus sequence/signal 
peptidase 



Introduction 

Secretory proteins are normally made with a transiently attached 
amino-terminal signal peptide that serves as an address label for 
membrane translocation. Typical signal peptides contain three 
distinct regions: a positively charged amino-terminal region 
(n-region), a central, hydrophobic region (h-region) and a more 
polar, carboxy-terrninal region (c-region) that specifies the site 
of cleavage between the signal peptide arid the mature protein 
(von Heijne, 1985). 

In.eukaryptic cells, the signal peptide is removed by a muiti- 
subunit enzyme called signal peptidase, located in the endoplasmic 
reticulum; (Mollay, 1985). In bacteria,, two distinct signal 
peptidases Have been identified: signal peptidase I (SPase I or 
leaderpeptidase,.L£p: Wickner, 1988) that removes the signal 
peptide from the great majority of secreted proteins, and signal 
peptidase II (SPase II, Lsp\ Innis et al , 1984) that cleaves the 
signal peptide from a small class of lipoproteins. Cleavage of 
lipoprotein signal peptides involves, as a first step, the addition 
of a glyceryl moiety to a Cys residue near the amino terminus, 
whereupon the signal peptide is cleaved by SPase II on the amino- 
terminal side of this modified cysteine (Tokunaga et al , 1982). 

To assess the differences and similarities between SPase I- and 
SPase II-cleaved signal peptides, the n-, h- and c-regions from 
a sample of lipoprotein signal peptides have been compared with 
a sample of non-lipoprotein signal peptides. It is shown that 
lipoprotein signal peptides differ in their c-region from non- 
iipoprotein signal peptides; however, the n- and h-regions of the 
two classes are indistinguishable in terms of length and amino 
acid composition. 

This observation provides a simple explanation for the results 
recently reported in this journal by Klein et al (1988), namely 
that lipoprotein signal peptides tend to be shorter, more hydro- 
phobic and bulky, and have a stronger tendency for turn- 
conformations in the region immediately downstream of the 
cleavage site than non-lipoprotein signal peptides. Using multi- 
dimensional cluster analysis, these authors developed a method 
whereby some 90% of all lipoprotein signal peptides could be 
discriminated from some 90% of a control sample of non-lipo- 



protein signal peptides. Here, I show that a simple pattern 
recognition method that searches for an SPase II consensus 
cleavage site provides a discrimination between lipoprotein and 
non-lipoprotein signal peptides that is at least as good as the one 
provided by cluster analysis. 

Methods . 

Thirteen non-homologous lipoprotein signal peptides from Gram- 
negative bacteria and an additional three from Gram-positive 
bacteria were extracted from the SIGPEP database (von Heijne, 
1987; Table I). Although the site of SPase II cleavage has not 
been determined in all cases, the * SPase II consensus' sequence 
(see below) allowed unambiguous assignments of this site for 
all sequences. Twenty -eight non-homologous non-lipoprotein 
signal peptides with known SPase I cleavage sites from 
Escherichia coli were analysed in parallel (these sequences, as 
Well as the SIGPEP database, may be obtained from the author). 
For the analysis of the c-regions, the signal peptides were aligned 
from their site of cleavage (between positions — I and + 1), and 
the position-specific amino acid counts were obtained. The border 
between the n- and h-regions was defined to be located immedi- 
ately downstream of the most C-terminal charged residue (Arg, 
Lys, Asp, Glu) of the n-region; the n- and h-regions thus defined 
were analysed in terms of length and amino acid composition. 
Two-sided r-test and x 2 analysis were used to assess the statisti- 
cal significance of differences between the two groups. 

Results 

Since signal peptides from Gram-positive and Gram-negative 
bacteria are different in terms of the lengths and amino acid 
compositions of the n-, h- and c-regions (von Heijne and 
Abrahmse'n, 1989), lipoprotein signal peptides from Gram- 
negative bacteria were first compared with non-lipoprotein signal 
peptides from E.coli. 

As shown by Klein et al (1988) there is a statistically 
significant difference (P < 10 ~ 3 ) in the mean signal peptide 
length between these two classes, with the lipoprotein sequences 
being on average 5 residues shorter (19.2 versus 24.1 residues; 
Figure 1). To find out which of the three * typical* regions 
contribute to this difference, plots of the mean frequency of 
hydrophobic (ACFILMVW) and turn-promoting (DGNPS) 
(Levitt, 1978) residues as a function of the position relative to 
the cleavage site were made (Figure 2). In addition, the mean 
lengths and overall amino acid compositions of the n- and 
h-regions in the two samples were calculated. 

In the non-lipoprotein signal peptides, the average c-region is 
6 residues long and extends from residue -6 to residue -1 
(Figure 2), whereas the average lipoprotein c-region cannot be 
distinguished from the h-region on the basis of hydrophobicity 
alone (although lipoprotein signal peptides seem to have a weak 
tendency to have turn-promoting residues in positions -7 to -5). 
However, all lipoproteins have a SPase H 'consensus' sequence 
LA(G,A)IC (see below) in positions -3 to +1. The mean 
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TaWe I. Lipoprotein signal peptides. 



Protein 



Sequence 



Ref. 



Escherichia coli Lpp 

Escherichia coli NlpA 

Escherichia coli TraT 

Escherichia coli Pal 

Escherichia coli ColE3 lysis protein 

Escherichia coli RplA 

Escherichia coli RplB 

Escherichia coli Co! El lysis protein 

Haemophilus Pep 

Haemophilus Pal 

Rickettsi surface antigen 

Rhodopseudomonas viridis cytochrome 

Klebsiella puiluJanase 

Staphylococcus aureus Bla 

Bacillus lichenifbrmis Bla 

Bacillus cereus BIaZ 



M F 



MKATKLV. LGAV I L 
MKLTTHHLRTGAALLL 
MKMK K LMMVa LMS 
MQLNKVLKGLMIAL 
MKKITGI ILUL 
MRKQWLG I C I 
MRYLATLLLSL 
MRKRFFVGIF 
MKKTNMALALL 
MNKFVK S LLVAG 
MKLLSKIMI I AL 
MKQL I VNS VATVA 
MLRYTCNALFLG 
MKKLIFLIV 
MKLWF S TLKLKKAAAVLLF 
VLNKFFTNSHYKKI VPVVLL 



GSTL 
A G I L 
S T L A 
P VM A 
A V I I 
A A G M 
A V L I 
I N L 
A F S 
V A A 
T S M 
A S L 
L I L 
A L V 
C V A 
CAT 



LAG 
LAG 
L S G 
I A A 
L S A 
LA A 
TAG 
L V G 

V T G 
L A A 
L Q A 

V A G 
L S G 
L S A 
LAG 
L I G 



A C S S 
A C D Q 
A C C A 

A C S S 

A C Q A 
ACTS 

A C G W 

A C Q A 

A C A N 

A C S S 

A C N G 

A C F E 

A C D N 

A C N S 

A C A N 

A C S N 



NAKI 
SSSD 
M S T A 
N K N A 

n y i r 

D D G Q 
H L R D 
NY I R 
T D I F 
S N N D 
PGGM 
P P P A 

s s s s 

N H A K 
N Q T N 
S N T Q 



D Q S 
AKH 
IKK 
S N D 
D V Q 
QQT 
T T Q 
D V Q 
S G D 
A A G 
N K Q 
T T 
S S 
L N 
S Q 
E S 



1 
2 
3 
4 
5 
6 
6 
7 
S 
8 
9 
10 
11 
12 
13 
14 



The SPase II cleavage site is indicated by A. References: 1, Nakamura et al. (1980); 2, Yu et al (1986); 3, Ogata et al (1982)* 4 Chen 

( n 8 I?; 5 ' WatS ° n * aL U984); 6 ' TakaSC * ^ (1987); 7 ' Waleh Md Johnson (1^85); 8, Deich « al (1988); 9,' Anderson 
era/. (1987); 10, Weyer et al. (1987); 11, Chapon and Raibaud (1985); 12, McLaughlin et al (1981); 13, Nielsen and Lampen (1982)' 14 
Hussain et al (1987). r~ \ /. , 



lengths of the h + c regions of the two samples are 14.7 (lipo- 
proteins) and 18.1 (non-lipoproteins) residues, again a statistically 
significant difference (P < 10~ 3 ). However, if the average 
c-region lengths (3 and 6 residues) are subtracted from the h + c 
region lengths, the resulting mean h-region lengths are 1 1 .7 and 
12. 1 residues; these mean lengths are not significantly different 
(P > 0.1). The overall amino acid compositions of the h-regions 
are identical to within statistical error (Figure 3). 

The mean n-region length is 4.5 for the lipoprotein signal 
peptide and 6.0 for the non-lipoprotein Ecoli sample. The mean 
n-region.net charge is +1.9 and +2.0 respectively. These 
differences are not statistically significant (P. > 0.1). The overall 
amino acid compositions of the n-regions also do not differ 
significantly (Figure 3). - 

>: _An obvious difference between the two samples, already noted 
by Klein et ai (1988), is the high incidence of turn-promoting 
L residues immediately downstream of the cleavage site (positions 
+2 to +6) in the lipoprotein sample. In contrast, among the non- 
lipoprotein signal peptides, turn-promoting residues tend to be 
found around positions -6 to -4 and in position +2 (Figure 2; 
von Heijne, 1983). 

Only three lipoprotein signal peptides from Gram-positive 
bacteria are known (Table I). They seem to have longer and more 
highly charged n-regions than lipoprotein signal peptides from 
Gram-negative bacteria, but this is observed also for non-lipo- 
protein signal peptides (von Heijne and Abrahmsen, 1989). 
Again, the only obvious difference between SPase I- and SPase 
H-cleaved signal peptides is the design of the c-region. 

Discussion 

From the results presented above, it is apparent that lipoprotein 
and non-lipoprotein signal peptides differ in their c-regions, but 
not in their n- and h-regions. One would thus expect them to 
follow basically the same route through the secretory pathway, 
up to the point of signal peptide cleavage. This indeed seems 
to be the case, since lipoproteins are sensitive to most of the sec- 
mutations (Wu and Tokunaga, 1986), and since when mutations 
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Fig. 1. Cumulative length-distribution of signal peptides from lipoproteins 
(-□ -) and non-lipoproteins (.-■-). 

that prevent cleavage by SPase II are introduced into the lipo- 
protein c-region, 'cryptic 1 cleavage sites most likely recognized 
by SPase I are often uncovered (Mezes et al. , 1983; Hayashi 
et al. y 1984, 1986; Ghrayeb etai t 1985). In all such cases 
studied to date, the cryptic sites are located downstream of the 
SPase II-site. A similar situation has been observed with lipo- 
protein mutants expressed in yeast (Pines et al. , 1988). This is 
consistent with the fact that SPase I c-regions typically contain 
a stretch of rather polar amino acids, whereas SPase II c-reg!-.»ns 
are composed largely of apoiar residues that SPase I may view 
as being part of the h-region. 

The simple observation that the c-region of lipoprotein signal 
peptides .is apoiar and somewhat shorter than the c-region of 
SPase I-cleaved signal peptides explains most of the differences 
between the two classes of peptides found by Klein et al. (1988). 
Thus, the greater mean hydrophobicity (taken over the whole 
signal peptide)^ the greater mean side-chain volume, the smaller 
overall Ser + Thr + Pro content, and the shorter mean length 
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, , ig. 2. Incidence of apolar (ACFILMVW, top panel) and turn-promoting 
vDGNPS, bottom panel) residues as a function of position relative to the 
cleavage site for lipoprotein (-□-) and non-Iipoprotein (-■-) signal 
peptides. 

of the former group are immediately consequences of this fact. 
The turn-propensity, both by Chou-Fasman (1978) and mean 
energy (Oobatake and Ooi,.1977) analysis, was found to peak 
m the region downstream of the SPase II cleavage sites but around 
position -5 relative to ttie : SPase I sites, again reflecting the 
difference in the c-region design. 

This suggests that the best discrimination between the two 
classes of signal peptides should be obtained by focusing on the 
c-region proper rather than on averages calculated over the whole 
peptide. From the available data on wild-type and mutant lipo- 
protein signal peptides, it seems that the Cys in position +1 is 
absolutely required (Inouye et ai , 1983), that Ala, Gly and Ser 
are acceptable in position -1 (Poilitt et ai , 1986; although 
Ser_, has never been found in a wild-type sequence), and that 
Aia and Leu are strongly preferred but not absolutely required 
io positions -2 and -3 respectively. A simple 4 consensus* -type 
search where putative SPase II cleavage sites are identified by 
scanning, say, residues 10-20 counting from the most C-terrninal 
of the charged n-region residues (the precise ends of the search- 
region are not important for the results; in known lipoprotein 
signal peptides the distance from the n-region to the cleavage 
site is between 13 and 18 residues) with the four-residue 
consensus (L,V,I)(A,S,T,G)(G,A)C and requiring at least one 
Tiatch to the first two positions and precise matches to the final 
vo, suffices to discriminate between all of the known SPase I- 
<*nd SPase U-cleaved signal peptides in the entire SIGPEP 
database (a total of some 200 entries, including homologous 
Apoprotein sequences not shown in Table 0- 



0.3 



0.2 



0.1 



c 
o 




1 


0.0 


Li. 






0.4 




0.3 




0.2 




0.1 




0.0 



Ji 



ill in I 



aJL 



rl - J .HI 



I 



il -jMjIil . 



A C D E F G H 



KLMNPQRSTVWY 

Residue 



Fig. 3. Overall amino acid composition of h-regions (top panel) and n- 
regions (bottom panel) from lipoproteins (white bars) and non-Iipoprotcins 
(black bars). 



Only two signal peptides in the SIGPEP collection matching 
the SPase n consensus are not known to be lipoproteins: the 
photosystem U protein WoxA from the cyanobacterium Anacystis 
nidulans (Kuwabara et aL, 1987) and the XP55 protein from 
Streptomyces lividans (Burnett et ai , 1987). The signal peptidase 
cleavage site has not been determined for the WoxA protein, and 
it has sites that are compatible both with SPase I and SPase II 
cleavage: . . .LTA i CSSGPTAA 1 DL. . . The secreted XP55 protein 
does not have a well-defined amino terminus and could possibly 
result from late proteolytic processing of an initially glycerol- 
bound form as is the case for, for example, Bacillus licheniformis 
penicillinase (Mezes et al, 1983); the putative SPase II site in 
XP55 reads ...ATA1CSAPT... 

Finally, the greater hydrophobicity of the SPase II c-region, 
which effectively forms a continuation of the h-region but with 
a specific consensus sequence, is a hint that the active site of 
this enzyme may be embedded in the lipid bilayer. The SPase 
I active site, on the other hand, would by the same token be 
expected to be located just outside of the bilayer. 
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Secretory signal peptides from individual prokaryotic and eukaryotic species have been analyzed, and the lengths and 
amino acid compositions of the positively charged amino-terminal region, the central hydrophobic region, and the 
carboxy-terminal cleavage-region have been compared. We find distinct differences between species in all three regions. 
Implications for protein secretion in foreign hosts are discussed. 

Protein secretion; Signal peptide; Leader peptide 



i.0. 



5 



U - 



1. INTRODUCTION 

The mechanism of protein secretion is highly 
conserved throughout the living world. In the great 
majority of cases, secretory proteins are made with 
an amino-terminal extension, a signal peptide, that 
targets the precursor to translocation sites on the 
appropriate membrane. During- or : shortly after 
translocation, the signal peptide is removed by a 
signal peptidase. ~- : ; ' 

Signal peptides from bacteria to plants and 
mammals share a common design [1], The 
'canonical' signal peptide is characterized by a 
short, positively charged amino-terminal region (n- 
region) followed by a central hydrophobic region 
(h-region) and a more polar carboxy-terminal 
region that contains the cleavage site (c-region). 
The signal peptidase apparently recognizes a 
'(-S.-n-pattern' with small, uncharged residues 
in positions - 3 and - 1 relative -to the cleavage site 
[2]. 



Correspondence address: G. von Heijne, Department of 
Molecular Biology, Center for Biotechnology, Karolinska In- 
stitutet, Huddinge HospitaI-K87, S-14I 86 Huddinge, Sweden 



Despite these conserved features, previous com- 
parisons have shown that eukaryotic signal pep- 
tides differ in detail from prokaryotic ones [3], and 
that signal peptides from Gram-positive bacteria 
tend to be longer than those from Gram negative 
species [4]; also, signal peptides from one 
organism do not always function efficiently when 
expressed in foreign hosts [5,6]. With the much 
larger database now available, we have undertaken 
a thorough comparative study of signal peptides 
* from different organisms in an attempt to define 
more precisely the species-specific variations in 
signal peptide design. 



2. METHODS 

Alt signal peptides were selected from the current version of 
the SIGPEP database (7], which holds a total of about 200 pro- 
karyotic and 900 eukaryotic sequences. Analysis of the h- and 
c-regions was carried out for signal peptides with known 
cleavage sites from £. colt (28 sequences), Bacillus (16 se- 
quences), Staphylococcus (6 sequences), Streptomyces (6 se- 
quences), Homo sapiens (147 sequences), and a collection of 
plant signal peptides (22 sequences). In the analysis of the n- 
regions, additional sequences where the signal peptidase 
cleavage site is not known were included (3 1 from E, coli t 13 
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Signal peptide 



Ref. 



Bacillus 
ar-Amylase 
ar-Amytase 
^-Lactamase II 
Middle wall protein 
Extracellular amylase 
or- Amylase 

Cyclodextrin glucanotransferase 

Cyclodextrin glucanotransferase 

Alkaline cellulase 

a- Amylase 

Levansucrase 

Outer wall protein 

Xylanase 

Subtilisin E 

^-Amylase . 

Sphingomyelinase 

^-Lactamase II 

Neutral. protease 

Amylase 

Levanase 

/^-Lactamase 

ytf-Lactamase 

/^-Lactamase I 

^-Lactamase II 

Endo-/?- 1 ,4-glucanase 

Ribonuclease * 

Subtilisin.Carlsberg 

NeutraI E protease. 

z^-GIucanase ' _ 

Staphylococcus 
Nuclease " . ■ 
Exofoliative toxin B 
Protein A 
Eriterotoxin A , 
ar-T6xin 
Enterotoxiri CI 
Lipase. 

Serine protease 
Lysostaphin 
Staphylokinase 
Lipase * 
. Exofoliative toxin A 

Streptococcus 
Scarlet fever toxin 
Protein G 
Type 6 M protein 
Streptokinase 
Fructosyltransferase 
Streptolysin 0 

Streptomyces 
a- Amylase 



MFAKRFKTSLLPLFAGFLLLFYLVLAGPAAASA:ETANKSNELT 20 
MIQKRKRTVSFRLVLMCTLLFVSLPITKTSA:VNGTLMQFEW 21 
MKKNTLLKVGLCVGLLGTIQFVSTISSVQA:SQKVEKTVIK 22 
MKKVVNSVLASALALTVAPMAFA:AEEAATTTAP 23 
MKMRTGKKGFLSILLAFLLVITSIPFTLVDVEArHHNGTNGTMM 24 
MKQHKRLYARLLPLLFALIFLLPHSAAAA:ANLNGTLMQY 25 
MKRFMKLTAVWTLWLSLTLGLLSPVHA:APDTSVSNKQ 26 
MKSRYKRLTSLALSLSMALGISLPAWA:SPDTSVDNKV 27 
MLRKKTKQL1SSILILVLLLSLFPTALAA:EGNTREDNFK 28 
MLTFHRIIRKGWMFLLAFLLTALLFCPTGQPAKArAAPFNGTMMQ 29 
MNIKKFAKQATVLTFTTALLAGGATQAFArKETNQKPYKE 30 
MNKKVVLSVLSTTLVASVAASAFA:APKDGIYIGG 31 
MNLRKLRLLFVMCIGLTLILTAVPAHArRTITNNEMGN 32 
MRSKKLWISLLFALTLIFTMAFSNMSAQA:AGKSSTEKKY33.34 
MTLYRSLWKKGCMLLLSLVLSLTAFIGSPSNTASA:AVADDFQASV 35 
MKGKLLKGVLSLGVGLGALYSGTSAQA:EASTNQNDTL 36 
MFVLNKFFTNSHYKKIVPVVLLSCATLIGCSNSNTQSES 37 
MGLGKKLSSAVAASFMSLTISLPGVQAAENPQLKENL .38 
MKGKKWTALALTLPLAASLSTGVDAETVHKGKAPT 39 
MKKKVLALAAAITVVAPLQSVAFAHENDGCSKIK 40 
MKKRLIQVMIMFTLLLTMAFSADAADSSYYDEDY 41 
MKLWFSTLKLKKAAAVLLFSCVALAGCANNQTNASQ 41 
MKNKKMLKIGMCVGILGLSITSLVTFTGGALQVEAKEKTG 42 
MKNTLLKLGVCVSLLGITPFVSTISSVQAERTVEHKVIK 43 
MKRSISIFITCLLITLLTMGGMIASPASAAGTKTPVAKN 44 
MMKMEGIALKKRLSWISVCLLVLVSAAGMLFSTAAKTETSSHKAE 45 
MMRKKSFWLGMLTAFMLVFTMAFSDSASAAQPAKNVEKD 46 
MNKRAMLGAIGLAFGLLAAPIGASAKGESIVWNEQ 47 
MPYLKRVLLLLVTGLFMSLFAVTATASAKTGGSFFDPF 48 



MAISNVSKGQYAKRFFFFATSCLVLTLVVVSSLSSSANArSQTDNGVNRS 49 
MDKNMFKKIILAASIFTISLPV1PFESTLQA:KEYSAEEIRK 50 
MKKKNIYS1RKLGVGIASVTLGTLLISGGVTPAANA:AQHDEAQQNA 51 
MKKTAFTLLLFIALTLTTSPLVNGrSEKSEEINEK 52 
MKTRIVSSVTTTLLLGSILMNPVAGA:ADSDINIKTG 53 
MNKSRFISCVILIFALILVLFTPNVLA:ESQPDPTPDE 54 
MKETKH0HTFSIRKSAYGAASFMVASCIFV1GGGVAEANDSTTQTT 55 
MKGKFLKVSSLFVATLTTATLVSSPAANALSSKAMDNHP 56 
MKKTKNNYYTRPLAIGLSTFALASIVYGGIQNE 57 
MLKRSLLFLTVLLLLFSFSSITNEVSASSSFDKGKYK 58 
MLRGQEERKYSIRKYSIGVVSVLAATMFVVSSHEAQASEKTSTNAAA 59 
MNNSK1ISKVLLSLSLFTVGASAFVIQDELMEK 60 



MENNKEVLKKMVFFVLMKFLGLTILPKGIC:STRPKPSQLQ 61 
MEKEKKVKYFLRKSAFGLASVSAFLVGSTVFA:VDSPIEDTP162,63 
MAKNNTNRHYSLRKL1CKGTASVAVALSVIGAGLVVNTNEVSA:RVFPRGTVEN 64 
MKNYLSFGMFALLFALTFGTYNSVQA:IAGPEWLLDR 65 
METKVRKKMYKKGKFWVVATITTAMLTGIGLSSVQADEANSTQVSS 66 
MSNKKTFKKYSRVAGLLTAALIIGNLVTANAESNKQNTAST 67 



MARRLATASLAVLAAAATALTAPTPAAA:APPGAKDVTA 68 
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Signal peptide 



Ref. 



SapA 

Streptavidin 

Agarase 

DD-peptidase 

or-Amylase 

Cellulase 

EndoH 

^-Lactamase* 
^-Galactosidase 
Protease A 
Protease B 
XP55 



MKRSMQAVGATLTAVGAIGAGLLVTAPAAGAATAGAT:ASYNGVCGSG 69 
- M R K I V V A A I A VS LTT VS I T AS AS A : D PS K DS K AQ V 70 

MVNRRDLIKWSAVALGAGAGLAGPAP AAH A: ADLE WEQ YP V 7 1 
MVSGTVGRGTALGAVLLALLAVPAQAGTAAA:ADLPAPDDTG 72 
MQQRSRVLGGTLAG1VAAAAATVAPWPSQA:TPPGQKTVTA 73 
MENPRTTPTPTPLRRRSERRARGGRVLTALTGVTLLAGLA1APAATGASPSPAPPASP 74 
MFTPVRRRVRTAALALSAAAALVLGSTAASGASATPSPAPA 75 
MHPSTSRPSRRTLLTATAGAALAAATLVPGTAHASSGGRGHGSGSVSDAERRLAGL 76 
MPHSPVSPAESPAPQPGRPRPVVSRRRLLEGGAAVLGALALSASPLTAQAAVRRAAADEPPEWNDF 77 
MTFKRFSPLSSTSRYARLLAVASGLVAAAALATPSAVAAPEAESKATV 78 
MRIKRTSNRSNAARRVRTTAVLAGLAAVAALAVPTANAETPRTFSANQ 78 
MTARRTR WTRRTDRSLPI RS AAAA V AFA AG ATACSAPTGGGGDGGTEAAE 79 



Yeast 
a-Galactosidase 
Acid phosphatase 
Carboxypeptidase Y 
28 kDa killertoxin 
Invertase 
Mating iactor ar-1 
PEP4 

Mating factor a-2 
BAR I 
Kl toxin " 
Glucoamylase 
Killer plasmid ORF2 



MFAFYFLTACISLKGVFGiVSPSYNGLGL 80 
. MFKSVVYSILAASLANA:GTIPLGKLAD 81 

MKAFTSLLCGLGLSTTLAKA:ISLQRPI 82 

MKIYHIFSVCYHTLCA:AATTAREEFF 83 
MLLQAFLFLLAGFAAKISA:SMTNETSDRP 84 
MRFPSIFTAVLFAASSALA:APVNTTTEDE85.86 
MFSLKALLPLALLLVSANQVAAKVHKAKIYKH 87 
MKFISTFLTFILAAVSVTASSDEDIAQVPA 88 
MSAINHLCLKLILASFAIINTITALTNDGTGHLE 89 
MTKPTQVLVRSVSILFFITLLHLVVALNDVAGPAET 90 
MVGLKNPYTHTMQRPFLLAYLVLSLLFNSALGFPTALVP'RGS 91 
MN1FYIFLFLLSFVQGLEHTHRRGSL 92 



Known signal peptidase I cleavage sites are indicated by 



from Bacillus, 6 from Staphylococcus}^ 7 
from Streptomyces, 12 from yeast, arid 9' from' plants). The se- 
quences from Gram-positive bacterid vand^from. yeast are listed 
in table 1 . Listings of the other samples "icaii Be .obtained from 
G.v.H., who r also distributes the SIGPEP ^database in" Macin- 
tosh format. , 

Statistical significance was assessed by i 2 and two-sided /-test 
analysis. > .'"■<' 

• -:>i : - ■' 
3. RESULTS ; ^v: 

Cumulative' distributions 6 rtjje' overall lengths 
of the different signal peptide samples are 
presented in fig.l. There is a clear gradation from 
the short Homo and plant sequences (mean length 
= 22.5 and 23.9 residues) and the £. coli sequen- 
ces (mean length = 24.1) to the much longer signal 
peptides from Gram-positive bacteria (mean 
length = 29-31). The differences in mean length 
between these two groups are statistically signifi- 
cant (p < 0.005 by two-sided Mest). 



3.1. The c-region 
Fig. 2 shows plots 



of the incidence of 



hydrophobic * (ACFILMV) and turn-promoting 
(DGNPS) [81 residues when the different samples 
are aligned with coincident cleavage sites. The 
mean c-region length,, as read off from the figure, 
is five residues for the Homo and plant samples, 
six residues for the E. coli, and eight residues for 
the Bacillus samples. For Staphylococcus, Strep- 
tococcus,*^ Streptomyces, the number of signal 
peptides with known cleavage sites is too small to 
make reliable estimates of the c-region length. 

As for the cleavage site, the (-3,-l)-rule is 
faithfully obeyed in all samples (not shown). 

3.2. The h-region 

We define the border between the n- and h- 
regions as being located immediately after the most 
C-terminal charged residue in the n-region. In 
some cases, this residue is followed by one or more 
uncharged but polar residues before the first 
strongly hydrophobic residue is encountered, but 
for simplicity we adhere to the above definition in 
these cases as well. In practice, this will not matter 
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Fig.l. Cumulative distributions of the overall lengths of signa! 
peptides with known cleavage sites from different species 
[Homo (□), plants (■), Bacillus (a), Staphylococcus (a), 
Slreptomyces (o), £. colt (♦)]. 



for our qualitative conclusions and will have only 
a minor influence on the mean lengths and amino 
acid compositions calculated below. 

For the combined h- and c-regions, we find that 
the total mean lengths are 17.6 for Homo, 20.0 for 
the plant sample, 18.2 for E. coli, 21.8 for 
Bacillus, 23.0 for Staphylococcus, and 24.5 for 
Streptomyces. Subtracting the c-region lengths 
found above, we thus calculate mean h-region 
lengths ranging from around 12 residues (Homo 
and E. coll) to 15 or more residues for the Gram- 
positive signal peptides. In terms of overall amino 
acid composition, the eukaryotic h-regions are 
relatively rich in Leu (40%) and contain less Ala 
(10<7o); h-regions from E. coli and all the Gram- 
positive bacteria contain 25-35<7o Leu and 10% 
(Bacillus, Staphylococcus) or 30<7o (£. coli, Strep- 
tomyces) Ala. 



o 
o 




-15 -13 



Position 



Fig.2. Distribution of hydrophobic [Ala + Cys + Phe + He + Leu + Met + Val (□)! and turn-promoting [Asp + Gly + Asn + Pro + 
Ser (■)! residues relative to the signal peptidase I cleavage site (between position - 1 and + I) for different species [(A) E. colt, (B) 

Bacillus, (C) Homo, (D) plants]. 
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3 3. The n-region 
'The length and net charge distributions for the 
n-region follow similar trends, with the Homo, 
least and plant samples being shortest (mean 
length 4-5 residues) and carrying the smallest net 
harge (mean net charge around +0.8 not count- 
ing the amino group on the initiator Met), the E. 
. Jli sample being intermediate (5.5 residues, 
+ 2 0) and the Bacillus and Staphylococcus 
samples being longer (7-8 residues) and more 
highly charged (+3.0 and +2.8). The n-regions 
from Streptococcus and Streptomyces are par- 
ticularly long (12 residues) and have mean net 
charges of + 4.3 and + 3.5, respectively. 

In terms of overall amino acid composition, the 
n-regions from Streptomyces stand out from the 
other samples by virtue of their very high Arg 
(30%) and low Lys (3%) content The other 
bacterial samples have around 10% Arg and 35% 
Lys in this region. 

4. DISCUSSION 

As demonstrated above, there are indeed clear- 
cut differences between signal peptides from 
various species. In particular, eukaryotic signal 
peptides tend to have shorter n-, h- and c-regions 
than bacterial signal peptides, and among the lat- 
ter those from Gram-positive bacteria generally 
have longer n-, h- and c-regions than those from 
the Gram-negative E. coll The net charge of the n- 
region is higher for the Gram-positive signal 

^Differences in the c-region^may well be related to 
sliehtly different signal peptidase specificities in 
the different species. It is less obvious what may 
cause the differences in the n- and h-regions. A 
simple explanation would be that differences in the 
lipid composition of membranes play a role pj. 
Thus E. coli membranes contain more of the zwit- 
terionic phosphatidylethanolamine and less ot the 
negatively charged cardiolipin than, for example, 
Bacillus and Streptomyces [10,1 1]. 

Eukaryotic signal peptides have more hydropho- 
bic h-regions than those of bacteria (more Leu and 
less Ala). The n-regions of the eukaryotic sequen- 
ces contain less Lys (10-20% vs 30%) but approx- 
imately the same percentage of Arg (10%) as the 
prokaryotic ones. 
Signal peptides from the Gram-positive Strep- 



i: 



tomyces are distinct from all other signal peptides 
in that their n-regions are much longer and con am 
much Arg (-30%) but almost no Lys 3% 
residues (p < 10" 4 ). It is likely that these 
pe S Cities result, at least in part, f-rn the high 
G + C content of these bacteria (-70-75%) and 
the fact that lysine codons are GC-poor ^ AAA, 
AAG) whereas arginine codons are GC-nch (CON 
AGA AGG). However, mature cytoplasmic and 
extracellular proteins from Streptomyces contain 
about the same percentages of Lys (3%) but only 
6-7% Arg (not shown). Possibly, Arg can func- 
tionally replace Lys in signal peptides but not with 
equal ease in the mature parts of proteins 

Nevertheless, the excessive lengths of the Arg- 
rich n-regions from Streptomyces could be an in- 
dication that Arg may be in some sense less effi- 
cient' than Lys in signal peptide n-reg.ons, making 
it necessary for these regions to be longer and/or 
more highly charged. We have tested this idea by 
comparing n-regions. from eukaryotic signal pep- 
tides that contairiipjily Arg but no Lys (108 se- 
quences) with those' containing only Lys but no 
Arg (100 sequences). Indeed, the former group 
tends to have loHger (mean length " 
d < lO" 4 ) but not more charged (mean net charge 
+ 12) n-regions" than the latter (3.2 residues, 
+ 10) (fig.3). the: Arg-containing n-regions also 
have a higher; cbntent of Pro than the Lys- 
containingonesCl^o vs;l%,P < the same 

is true for n-regi^s from Streptomyces ; compared 
to n-regions from other bacterial species (12% vs 
1% p < lO^thus, " *hen;.Arg is the only 
■ positively chargec^esidue, it tends to be part of a 
-rather long, possibly unstructured • 
Signal peptides Trbm bacteria other than Strep- 
Tomycel ^ rarely! have n-regions totally acking Ly 
residues (none of these sequences listed in table 
lack Lvs in this 'region; also, out of the 59 E. coli 
sequences analyzed'hene. only 7 lack Lys in the.r n- 
region. Conversely, 8 out of 13 Streptomyces 
signal peptides contain Arg but no Lys; none con- 
tains Lys but no Arg). . 

A clear understanding of the differences in the c- 
regions is especially important when secretory pro- 
teins are expressed in foreign hosts. Although the 
( - 3 - l)-rule seems to be valid for all organisms, 
more than one site compatible with this rule often 
exists in the vicinity of the normal cleavage site, t 
is therefore interesting to note that aberrant 
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Fig. 3. Length and net charge (= n A n + "Ly* - "asp - igiu) distributions for the n-regions of eukaryotic signal peptides that contain 
lysine (shaded bars) or arginine (unfilled bars) as the only positively charged residue. 



cleavages have sometimes been found when signal 
peptides from Gram-positive bacteria have been 
expressed in E. coli. Thus, when a-amylase from 
Bacillus stearothermophilus was expressed and 
secreted by E. coli, a large fraction (40%) was in- 
correctly processed [12]. The aberrant cleavage 
took place three residues to the ami no-terminal 
side of the normal cleavage site. This is what we 
would expect from the data presented here, namely 
that E. coli signal peptidase I seems to cleave 
preferentially six residues after the end of the h- 
region, whereas the corresponding proteases in 
Gram-positive bacteria seem to prefer a slightly 
longer distance from the h-region (7-9 residues). 

Another example is provided by the major outer 
membrane lipoprotein from E. coli, which is nor- 
mally cleaved by signal peptidase II. A mutant 
lipoprotein signal peptide that is not recognized by 
this peptidase is nevertheless cleaved by signal pep- 
tidase I when expressed in E. coli and yeast; 
however, the cleavage in yeast takes place four 
residues upstream of the £. coli cleavage site [13]. 
Generalizing from these examples, we anticipate 
that some eukaryotic signal peptides will be found 
to be cleaved downstream of their natural cleavage 
site when expressed in bacterial, and in particular 
Gram-positive, hosts. 

A phenomenon of considerable biotechnological 
interest has recently been shown to be caused by 
the use of a heterologous signal peptide [19], When 
the signal peptide from staphylococcal protein A 



was used to secrete proteins in £. coli, the mor- 
phology of the host cell was affected and 
periplasmic proteins leaked out to the growth 
medium [15,19]. A similar 'leaky* phenotype of 
the host cell has also been observed when other 
Gram-positive proteins have been expressed and 
secreted in£. coli ([14,16-18]; Nygren, P. -A., per- 
sonal communication). Whether this effect was in 
all cases caused by the foreign signal peptide is 
unknown. In the light of the results presented 
above it is, however, tempting to suggest that this 
phenomenon is caused by a 'mismatch' between 
the signal peptide and the E. coli translocation 
machinery, resulting in a pleiotropic secretion 
defect with secondary effects on the structure of 
the outer membrane. 



Acknowledgement: This work was supported by grants from 
•the Swedish Natural Sciences Research Council. 



REFERENCES 

(1) Von Heijne, G. (1985) J. Mol. Biol. 184, 99-105. 

[2] Von Heijne, G. (1986) Nucleic Acids Res. 14, 4683-4690. 

[31 Von Heijne, G. (1984) EMBO J. 3, 2315-2318. 

[4] Abrahmsen, L., Moks, T., Nilsson, B., Hellman, U. and 

Uhlen, M. (1985) EMBO J. 4, 3901-3906. 
[51 Smith, R.A.. Duncan, M.J. and Moir. D.T. (1985) 

Science 229, 1219-1224. 
[6] Chang, C.N., Rey, M., Bochner, B., Heynecker, H. and 

Gray, G. (1987) Gene 55, 189-196. 
[7] Von Heijne, G. (1987) Protein Seq. Data Anal. 1, 41-42. 



444 



THIS PAGE BLA^K (uspto) 



989 



Volume 244, number 2 



FEBS LETTERS 



February 1989 



•TP 



or- 
md 
.vth 



9 



)er- 
s in 
: is 
ted 
:his 
een 
ion 4 
ion 
of 



>90. 
and 
>85) 
and 



{ 



,81 tevitt M. (1978) Biochemistry 17. 4277-4285. 

9 De Vrije. T.. De Swart, R.L.. Dowhan. W.. Tommassen. 
j and De Kruijff, B. (1988) Nature 334. 173-175. 
r.ni riatta D B (1987) A Comprehensive Introduction to 
1,01 Membrane Biochemistry, pp.72. Floral Publishing, 

[,,] Sternberg. B.. Gumpert. J.. Reinhardt G- and Gawrisch. 

K (1987) Biochim. Biophys. Acta 898. 223-230. 
,,21 Suominen. ... Karp. M., Lautamo, J.. Knowles. J. and 

Manual. P. (1987) Extracellular Enzymes of 

Microorganisms (Chaloupka, J. and Krumphanz. V. eds) 

pp.l29-W7. Plenum. New York. 
[13] Pines. O.. Lunn. C.A. and Inouye. M. (1988) Mol. 

Microbiol. 2, 209-217. „ ul v „ ,,985* 

114] Gotz, F.. Popp. F.. Korn. E. and Schle.fer. K.H. (1985) 

Nucleic Acids Res. 13. 5895-5906. 
1,5] Abrahmsen. U Moks. T.. Nilsson. B and Uhlen. M. 

lI7 , KSa.D. and Novick. R.P. (.987) Proc. 

Natl. Acad. Sci. USA 84. 1127-1131. 
[18] Murphy. N.. McConell. D.J. and Cantwell. B.A. (1984) 

Nucleic Acids Res. 12, 5355^5367. 
' M9) Abrahmsen, L.. Nygren, P.-A.. Uhlen. M.. Anderson, S. 
and Nilsson. B. (1988) submitted. 
[20] Yamazaki. H.. Ohmura. K.. Nakayama ^'l*^ 
' Y.. Otozai, K.. Yamasaki. M., Tamura, G. and Yamane. 
K (1983) J. Bacteriol. 156, 327-337. 
(211 Takkinen. K., Pettersson. R.F.. Kalkkinen. N-, Palva, 1.. 
11 Sderlund, H. and Kaariainen. L. (.983) J. B 10 l. Chem. 
25S 1007-1013. 
■ [22] Hussain. M.. Carlino. A.. Madonna. M.J. and Lampen. 
J O (1985) J. Bacteriol. 164, 223-229. 
P3] Tsuboi, A., Uchichi, R.. Adachi. T.. Sasaki, I.. 
Hayakawa, S.. Yamagata. Y., Tsukagoshi, N. and 
. ■ V • Udaka. Si (19S8) J. Bacteriol. 170, 935-945. 
P4i Tsukamoto. A., Kimura, K., Ishii. Y., Takano, T. and 
Yamane. K. (1988) Biochem. Biophys. Res. Commun. 

[251 Sibakov'M. and Palva, I. (1984) Eur. J. Biochem. 145. 

Pei SmurJ'K.. Kataoka. S., Ishii, Y., Takano, T. and 
U61 Sane, K. (.987) J. Bacteriol. .69. 4399-4402_ 
pi] Takano, T.. Fukuda. M.. Monma. M Kobayash.. S 
Kainuma. K. and Yamane, K. (1986) J. Baaenol. .66. 

[28] Fukumori'F.. Kudo. T., Narahashi, Y. and Horikoshi. 

K. (1986) J. Gen. Microbiol. 132. 2329-2335. 
[29] Nakajima. R.. Imanaka. T. and A.ba. S. (1985) J. 

Bacteriol. 163, 401-406. 
[30] Steinmetz. M.. Le Coq. D.. Aymerich. S.. OW- 

Trebpul, G. and Gay. P. (1985) Mol. Gen. Genet. 200, 

[31] Tsubfo 8 A., Uchihi, R.. Tabata. R., Takahashi Y 
11 Hashiba, H.. Sasaki, T., Yamagata. H. . "^ su * 8 ° S 

and Udaka. S. (1986) J. Bacteriol 168, 5«-« 3 - 
[32] Fukusaki. E., Panbangred. W., Sh.nmyo. A. and Okada, 

H. (1984) FEBS Lett. 171, 197-201. 
mi Wnn* S-L Price, C.W.. Goldfarb. D.S. and Do.. R.H. 
1331 S'Proc.'S. Acad. Sci. USA 81. .184-1188. 



[34] Wong. S.-L. and Doi. R.H. (1986) J. Biol. Chem. 261. 

10176-10181. , c f t 

[351 Kawazu. T.. Nakanishi. Y.. Uozurm N.. Sasaki, T 
Yamagata, H., Tsukagoshi, N. and Udaka. S. (1987) J. 
Bacteriol. 169, 1564-1570. 
[36] Yamada. A.. Tsukagoshi, N.. Udaka. S . Sasaki. T,, 
Nakamura, S.. Little, C. Tomita, M. and lkezawa, H. 
(1988) Eur. J. Biochem. 175. 213 
[371 Hussain, M., Pastor. F.I.J, and Lampen. J.O. (1987) J. 

Bacteriol. 169. 579-586. 
,38] Shimada, H., Honjo. M.. Mita. ... Nakayama A 
Akaoka, A.. Manabe. K. and Furuiani. Y. (1985) J. 
Biotechnol. 2. 75-85. - 
[39] Metz. R.J-. Allen. L.N.. Cao. T.M. and Zeman, N.W. 

(1988) Nucleic Acids Res. 16, 5203. 
[40] Schdrgendorfer. K.. Schwab. H. and Lafferty. R.M. ■ 

(1987) Nucleic Acids Res. 15, 9606. 
[41] Nielsen. J.B.K. and Lampen. J.O. (1982) J. B.ol. Chem. 
257 4490—4495 

[42] Wang. W.. Mezes. P.S.F.. Yang, Y.Q.. factor R.W. 

and Lampen. J.O. (1985) J. Bacteriol. "63, W-4^2:. :; 
[431 Lim. H.M.. Pene, J.J. and Shaw, R.W. (1988) J. . . 

Bacteriol. 170, 2873-2878. J : 

[441 MacKay, R.M., Lo. A., WiUick. G., Zuker, M., f .Batrd, ; . 
1 S. Dove, M., Moranelli, F. and Seligy, V. (1986) ^-,., 
Acids Res. 14, 9159-9170. ■ 'i'^iJ'-l' 

[451 Paddon, C.J. and Hartley, R.W. (1986) Ge^ ; 40, - 

231—239 ;V * ; ' 

[461 Jacobs, M.. Eliasson. M- Uhlen. M- and Flock;.J>l: : 

(1985) Nucleic Acids Res. 13. 8913-8926. 
[471 Takagi. M.. Imanaka, T. and Aiba. S. (1985) J. Bacter.ol. 

[48] Murphy, N., McConnell, D.J. and Cantwell, B^lg^. 

Nucleic Acids Res. 12, 5355-5367. -yt&v? ^ '■ 

[49] Shortle, D. (1983) Gene 22, 181-189. r ;f^ CU 

[501 Jackson, M.P. and lando.o. J.J. (19S6) J. Bacteg^| ?t . ; 

726-728. . :* jj&y: J 

[51] Lbfdahl, S.. Guss. B., Uhlen, M.. Ph.l .pspn |^*nd, - 
Lindberg. M. (1983) Proc. Natl. Acad. Scii^JO, , 

697-701. ' . n : ~-*&£f nn ri' 

[52] Be.ley.M.J.andMekalanos.J.J.(1988)J.Bacte|p|^70 ; :. 
[53] Gray! G.S. and Kehoe, M. (1984) Infect. ' mi S|£ 4 ^ 

[«] 6 Botach!'o.A. and Sch.ievert. P.M. (1987)^|en>i":: 
Genet. 209, 15-20. ^' -f? K W' ' 

[551 Liebl. W. and Gotz. F. (1986) Mol. Gen. Geg£g£. 

[56] CaVmona. C. and Gray. G.L. (19S") Nucleic A»s. 

[<7| RecS! 7 p-A., Gruss. A.D. and Novick. R. (^Proc. 

Natl. Acad. Sci. USA 84. 1127-1131 ^v. • 

[58] Sake. T. and Tsuchida. N. (1983) Nucle.c Acids Res. 11, 

[591 Ue^and landolo, J.J- (1986) J. Bacteriol .66. 

[60] SaS's.. Suzuki. H. and Kondo. I. (1988) J. Gen. 

Microbiol. 134,711-714. 
[611 Johnson, L.P., L'ltalicn. J J. and Sehhevert. P.M. (1986) 
Mol. Gen. Genet. 203, 354-356. 



445 



THIS PAGE BLANK (uspto) 



Volume 244, number 2 



FEBS LETTERS 



February 1989 



[62] Fahnestock, S.R., Alexander, P., Nagle, J. and Filpula, 

D. (1986) J. Bacteriol. 167, 870-880. 
[63J Olsson, A., Eliasson, M„ Guss, B., Nilsson, B., Hellman, 

U., Lindberg, M. and Uhlen, M. (1987) Eur. J. Biochem. 

168, 319-324. 

(64] Hollingshead, S.K., Fischetti. V.A. and Scott. J.R. (1986) 

J. Biol. Chem. 261, 1677-1686. 
[65] Malke et al. (1985) Gene 34, 357-362. 
[66] Shiroza, T. and Kuramitsu, H.K. (1988) J. Bacteriol. !70, 

810-816. 

[67] Kehoe, M.A., Miller, L., Walker, J.A. and Boulnois, 

G.J. (1987) Infect. lmmun..55, 3228-3232. . 
[68] Long, C.M., Virolie, M.-J., Chang, S.-Y. t Chang, S. and 

Bibb, M.J. (1987) J. Bacteriol. 169, 5745-5754. 
[69] Giujarro, J., Santamaria, R., Schauer, A. and Losick, R. 

(1988) J. Bacteriol. 170, 1895-1901. 
[70] Argarana, C.E., Kuntz, I.D., Birken, S., Axel, R. and 

Cantor, C.R. (1986) Nucleic Acids Res. 14, 1871-1882. 
[71] Buttner, M.J., Fearnley, I.M. and Bibb, M.J. (1987) Mol. 

Gen. Genet. 209, 101-109. 
[72] Duez, C, Piron-Fraipont, C, Joris, B., Dusart, J., 

Urdea, M.S., Martial, J. A., Frere, J.-M. and Ghuysen, 

J.-M. (1987) Eur. J. Biochem. 162, 509-518. 
[73] Hoshiko, S., Makabe, O., Nojiri, C, Katsumuta, K., 

Satoh,'E. and Nagaoka, K. (1987) J. Bacteriol. 196, 

1029-1036. 

[74] Nakai, R., Horinuchi, S. and Beppu, T. (1988) Gene 65, 
229-238. 

[75] Robbins, P.W., Trimble, R.B.. Wirth, D.F., Hering, C, 
Maley, F., Maley, G.F., Das, R., Gibson, B.W., Royal, 
N. and Biemann, K. (1984) J. Biol. Chem. 259, 
7577-7583. 

[76] Dehottay, P., Dusart, J,, De Meester, F., Joris, B., Van 
Beeumen, J., Epricum, T., Frere, J.-M. and Ghuysen, J.- 
M. (1987) Eur. J. Biochem. 166, 345-350. 



[77] Eckhardt, T„ Strickler, J., Gorniak, L., Burnett, W.v. 

and Fare, L.R. (1987) J. Bacteriol. 169, 4249-4256. 
[78] Henderson, G., Krygsman, P., Liu; C.J., Davey, C.C. 

and Malek, L.T. (1987) J. Bacteriol. 169, 3778-3784. 
[79] Burnett, W.V., Henner, J. and Eckhardt, T. (1987) 

Nucleic Acids Res. 15, 3926. 
[80] Liljestrdm, P.L. (1985) Nucleic .Acids Res. 13, 

7257-7268. 

[81] Arima, K., Oshima, T., Kubota, I., Nakamura, N., 
Mizunaga, T. and Toh-e, A. (1983) Nucleic Acids Res. 1 1 , 
1657-1672. 

[82] Bird, P., Gething, M.-J. and Sambrook, J. (1987) J. Cell 

Biol. 105. 2905-2914. 
[83] Stark, M.J.R. and Boyd, A. (1986) EMBO J. 5, 

1995-2002. 

[84] Taussig, R. and Carlson, M. (1983) Nucleic Acids Res. II, 
1943-1954. 

[85] Kurjan, J. and Herskowitz, I. (1982) Cell 30, 933-943. 
[86] Waters, M.G., Evans, E.A. and Blobel, G. (1988) J. Biol. 

Chem. 263/6209-6214. 
[87] Ammerer, *G., Hunter, CP., Rothman, J.H., Saari, 

G.C., Vallsr : -L.A. : and Stevens, T.H. (1986) Mol. Cell. 

Biol. 6, 2490-2499.. 
[88] Singh, ^^gpn,; E.Y., Lugovoy, J.M., Chang, C.N., 

Hitzeman,~R^ and Seeburg, P.H. (1983) Nucleic Acids 

Res. 11, 4049-4063: v' r 
[89] MacKay, 'V.L.; Welch, S.K., Insley, M.Y., Manney, 

T.R., Holly, J., Saari, G.C. and Parker, M.L. (1988) 

Proc. NaYl7Acad. Sci. USA 85, 55-59/ 
[90] Skipper, N.; Thomas, D.Y. and Lau, P.C.K. (1984) 

EMBO J. 3, 107-111. 
[91] Yamashita, I., Suzuki, K. and Fukui, S. (1985) J. 

Bacteriol. 4|lT:567-573. 
[92] Stark, M': 5 J?R;; 'Mileham, A.J., Rbmanos, M.A. and 

Boyd, A. (1987) ^Nucleic Acids Res. 15, 6011-6030. 




446 



THIS PAGE BLANK (uspto) 



Short notes 



Protein Seq Data Anal (1987) 1 :41-42 



Protein Sequences 
& Data Analysis 

© Springer-Verlag 1987 



SIGPEP: a sequence database for secretory signal peptides 



S-100 44 Stockholm, Sweden 



Many proteins, made by both prokaryouc and eukwyouc 
alls are secreted across the cell membrane to the ex racellu- 
£ spa^ch proteins are generally made with cleavaWe 
5t Lnal extensions called variably signal 
nal oeotides or leader peptides. The workings of the protein 
^SmS&S, and the role of the signal peptide have 
exfcnsively Studied over the past 10-1! .years and con- 
siderable progress has been made both in 
chemical components involved in export and the stru ura 
determinants inherent in the signal peptide (see [1, 2] for 

^tathis note I describe a database collection, Sequence 

prokaryotic and eukaryotic signal peptides that has been 
^extensively in the study of their amino acid sequence 
characteristics [2-4]- The database is managed usmg the 
Appleworks program running on Apple lie, Apple III jnd 
Madntosh Plus microcomputers and is available either in 
Appleworks or Microsoft File format on standard floppy 
diskettes sent to the author. in the 

A typical entry is shown in Fig- 1. The asterisk in tne 
sequenL indicate^the point of cleavage between the signal 



peptide and the mature protein, when this has been deter- 
mined. At the time of writing, the database has 94 prokar- 
yotic and 503 eukaryotic entries, roughly two-thirds ot 
which have known cleavage sites. 

The most prominent eukaryotic species represented n 
the database are: human (147 entries), mouse and rat (both 
67 entries), and bovine (20 entries); among prokaryotic se- 
quences Escherichia coli (43 entnes) and Bacillus (^se- 
quences) are the most abundant. Thirty-five plant and 33 
viral sequences are also included. Surprisingly, there are 
only eight yeast sequences in the database so far. 

Many of these signal peptides can be extracted, with 
some work, from the main protein sequence data collec- 
tions, such as the National Biomedical Research Founda- 
tion Protein Sequence Databank [5]. However, the large 
databases are plagued with a backlog of s sequences not 
yet entered, going back some 1-2 years [Science (1986) 
232- 1599) As is clear from Fig. 2, this means that as much 
as 50% of the data available in the literature at any one 
time cannot be retrieved except from speciahzed collections 
such as SIGPEP. In fact, SIGPEP itself is probably not 
even reasonably complete for 1985, since the overall expo- 



Species guinea pig 

Protein type plasma hormone 



Protein 

Notes 

Author 

Journal 

Tear 

Volume 

Pages 

Sequence 



insulin 

cDNA, n.b. G in -3. not N as reported in PNAS 81. 5046 

Watt, V.M. 
J.Biol.Chem. 

1985 fig. i. A typical Sequence Database for 

9fi0 Secretory Signal Peptides (SIGPEP) 

*° • entry. The asterisk indicates the position 

10926-10929 ' of the cleavage site between the signal 

„ DeDtide and the mature protein 

MALWMHLLTVLALLALWGPNTGQA*FVSBHLCGSN W«« 
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8 1977 ^ar 1986 

Fig. 2. Year-by-year distribution of SIGPEP entries as of July 1986 



nential growth of sequence data would lead one to expect 
Ha ger number of entries from that year Nevertheless, 
SIGPEP is probably the largest collection of stgnal pept.des 
available. 
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Signal Sequence Function in Bacteria 
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(Received 3 March 1986, and in revised form 4 July 1986) 

The net charge distribution in a region ^^^^^S^^Z 
calculated for sample, of 41 }T ik f^^^TSSk^^ ^idence of acidic 
show that prokaryoUc proems •"£^JZ^^ a^'dipolar" structure with a 
than of basic residues in this region. ^y^gj*^ region s is important for signal 

StSS!5l-^ * — a number of known 

export-defective signal sequence mutations. 



1. Introduction 

Protein export in both prokaryotic and 

a seven to 15 residue long 

core region (h-region). and a yp c *»[ ^ ion; 

residue long ^J^^^Sictti of 
von Heijne, 19850). uenera j, h . reeion often 
charged or polar ^^J* in the c- 

greatly reduces export, where* a. » cleavag e 
region primarily influence ^ •^J^^n (v f„ 

Heijne, 1^>- ?* . ^ (B ankaitis et at., 

affect export, at least in bacU >n ^ ationships 

1985). The ?™™fj£Z^™y understood, 
behind the observed effects « J^.^ to a new 
In this paper, I wish to " £ , t in 
sequence pattern that is P ar ~ t y m ght help 
bacterial signal ^^J^ed effects of 
explain in ^.^^^fparts of these peptides 

2. Methods 
0022-2836/86/220287-04 t03.00/0 



collection of published sequences (current ly «>untii« 
ieTprokaryotic and 430 eukaryot.c entr.es) ^ , ««* 
^ include anv highly homologous ones, have been 

and /Arf + Lys 



.abase, tteiease * ja»p 

io,« .nd -tax**- *™~ 

exacted distribute of net c J"^ne 

been calculated by we.ght.n g the dtajrvrf ^terminal 

charge distributes with ' »he theoret. ^ 

charge distributions calculated above, m 

been compared using a 2-s.ded t-test. 

3. Results 
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Mature resMuwinctuded 



^ ,. - sire; 

«ith net pos.tive and net «gatove u 
including all residues in ^^"^l^n. Filled 
zero to 10 residues from the mature , pro* 
squares: eukaryotic proteins (5 - 165), open q 
prokaryotic proteins (iv - 41). 



Net C- terminal charge 

Figure 2. Theoretical <«Wjf^~JS^£ 
observed (open square) net C. term.n* d£g . = ^ 
tion for the prokaryotic s.gn£ pep ^ {rom 

including all residues in the c-regton piu 
the mature protein. 



similar, although perhaps. *W £ 
region charge dWj«^ * £ 

residues in the c-region and the eariy par 
, of -ow „ ^> r= Jgg; 

£s& set ti^tjffi 

' It "y g e than the nearly 

. basic residues in the n-reg>on car ' n °* d 
and, as shown below, the ^bution < ot cna^g 
residues around the C-ternunal end j prokaryoti 

. .signal sequences -/ efi ^XXtS positively 
. Indeed, the incidence of negatively an F 

charged residues in the c-reg.cn ^ -dttata Jew 

ii ns i„ ^ -^j^r«s^-^ 

the inverse of that m the signal 4 
acidic residues abound and basic residues are 
(Fig.1) resulting in «jrf-J- ^Hn the 
terminal charge, especa^ y ^ c 

P ^ 041011 whereas the corresponding euKaiyotu. 

towards negatively ch&rgedres dues J s 
(f/o , nine .OhjWM; £ J^tf, ^ nve 
anTxJected ll'fcr a sample with 



am5no acid fancies as in S 

general i SiJfSJfl^i * om the r ture 

terminal charge wtaer n ation (Pig . 2) . 

chains are mcludea in mi res idues in 

This skewed distnbution of Wj. known biaa 
the C-terminal region the N-terminal 

towards Arg and Lys rescues in 
region and gives ^JP^J^^ Jn fact> 
sequence a highly dipolar P£ tf to f . Met 1S 

eVCn ^ " d CrdolslttonSbute any charge 
retained and hence doe no ^ m 

(von Heijne, 1984fc)^ « ou N-C charge 

difference > « I . t very cn tical, cf. 

residues included this d the re maining 
Fig . i, and is used throughout), an theoretical net 

one, phoA, has A^c- », « fa Fig ure2 and the 
C-terminal charge distr ibufaon^ » tion for the 
observed net N-ternuna ha ge dist ^ ^ four 



observed net N-terminai cn..g - find four 

prokaryotic sample, ^ ^^J. wit h normal 
sequences with &t>-c ^ " " p termina i region. For 

the Ml 81-sequence P™^ VM eight expected 
Methods), a similar calculat °» P ve V Q g te ^only 
sequences; again, phoA with A N ^ 
one found. 

4 Discussion 

The observed bia, *^jS£fi£g* 
Asp and Glu residues in he immed a ^ 
region of mature «P?^ n p !£Sn +2 relative 
being particularly marked m ' Pjf^Jb. w Uted 
to the signal sequence ^g£? However, it has 
primarily to the cleavage reac on H for 
been shown that position +1 ■ y Heijn6i 
Ala in prokaryotic signal peptides ( 
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phoA * nuclease 

wt MKQSTULALLPanPVTKA»RTPaaW».» 

„ hft , tATSTOLKE.-. 

PF0C103 

RATSnOttHK... 

pFOC^06 

0-Lactamase ♦ Insulin 

tft MSIQHFHVAU PFF AAFCLPVFA"HPEOWVO- . . 

■HPLQREPKPA... 

125/-7 " 

»HRCOTtP*Q... 

i2*t/-7 

pjy21 72 - ALLALWGPOPAAA*FVKQHLCC. . . 



100% 
100* 
0% 



100* 

50% 
100% 



0 -Lactamase ♦ tpl 

PTG2 MRIQHFRVALIPFFAAFCLPVFC.HPCTLVKVKD... ^ 100% 
MAPRXFFVGC... °* 

pTSSl 



pTSS2 

(Talmadge eloi., 1980, than ««., i» . 
W An asterisk ^^^TTefficiency 
show homologous residues, wt, wiw xype 
of export is given at the right. 



PPMFnCO.- 



0» 



1984al possibly reflecting some ^JjJ 
1984a), P» J terminus (Flintad al.. WW), 

thus, position +2 is the , Qse to the signal 
introducing an Asp or Ota J« close g 
sequence C terminus - P^^Hleavage (in 

S£Z be avoided in the -^^ effect on 

cleavage is that the P r0K ^ h £ difference 

may a and n C tSST-gS* the signal 

between the N and C-tejminai g ^ 

sequence. If so, we ^"^"Ens that destroy 
functional signal •W^J'^b. of good 
such an imbalance and indeed • » R 3) 

candidates can be found >n ^^^J is the 
As noted above, ph oA fwm * » a 
only example found sc .far wit £ ^ 
single Lys in the n-fegwn, a. anda Gluin 
position -2, followed by an Arg + -\ and ^ 
+ 4. This signal sequence ^ an d 
mature part of Sp*****" ^ ™ c , eaved 
was shown to induce export of. corre 
product in *.eoh (Liss e< ^'"? ' w „ introduced 
Arg (as found in the normal P ho ^. w J e m nuc i e a«. 
rVefween the signal sequence ^ the n a 
however, export was ^^^Jts presented 
possible explanation based or. the result p ^ 
Lre might be t^b-neem the begin g 
nuclease sequence of anj ' n g ya)ue of 

residues to counteract the negative u N _c 
the latter construction^ o.i acfca mase signal 

A similar case, where the p » insu i in 
sequence was fused to various parts of prep 



and expressed in Sf£ 

? al ? dg He e rI 1wo l9 Sions an with intact signal 
Fig. 3). Here, wo seC reted poorly 

decreasing the net "J* export. Results 

similarly have an advert effec o^ 
on the secretion of E. coU upop . g 
with this idea: when the f^™™* (M we fi as 
reduced such tha nhAbtted (Xuk « ol.. 1983). 
synthesis) is wve" Y » h,b ^ V J^ replacement in 
/ iamB mutant with an ^Arg - Ser rep 
the n-region, ^ever makes le, ot 

per se (Hall et at., iyoo >' . u M an d reversions in 
Finally. " ^aT -^e h-region have 

and around the signal *=4 Ffom t he 

been isolated over _ the JJ* ^ at positively 

present perspective, it is notewor y ^ more 

that both Asp and Arg are totorat. ^ be 

in toB when Glu_ l0 and I A rg- , idue lon g 

explained if we assum^hat ft. » ^ 
non-polar stretch -18_ to ^ , in the 

h-region (with the correct cm g stretch 
As p! 9 -utant as can h . po^ 
between -8 and +1 (agam imilar explana- 
polarity) in Arg 9 rnutant^ ^ d 

tion may be advanced for i he ger _ phe 

19 _1 revertante shown both we rever3ions may 
and the 19-1 Lys -» (Thr a s» h correct 

create marginally ^^^^ of the signal 
charge polarity in the , formw • o g of a „ 

sequence. It is J to Except for 

the maiE revertants tested ^ wh 

reversions back to wild^ype) Slde 
possible h-region .^created o through 

of the Ala. ij wu " nd t hus giving nse to 

Ar *- » "I rot? e n ga^ld-ty g pe kinetics in 
correct charge polarity, reg M6) _ 

export and PW^jj^ver. that many of the 
?t should be stressed, howeve . 

point muUtions and J' 6 ^ charge d residues; in 
fsolated do not directly invoWe c ^ y 

structure ot the signal ^ 

explanation (Bnggs e aJ1985, ved fof 
In addition to tne 
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lamB 



oalE 



E 

K £ D K K K 

■ R R RRRREDDDEERER OH RD 
KMlTLRKLPtAVAVAAGVMSAQAKA*VDFHCTfARSC. 

S(100» 



D(<5*) 
E(<5X) 
E(<5*> 
R(>96J) 
0(>98t) 
R(<5*) 
K(<5*> 



EKEKD KKKK 
RRRRRE RE E RRR* D MD 
HK I KTGAR I LALSALTTHMFS AS AL A* 
RU90*) 
E(50*) 
E(20*> 
K(W) 
R(<5%) 
R(<5*) 



100$ 



100* 



(von Heijne, 19856), a charge polarity of the 
proposed kind is an important element in the 
function of the signal sequence, various interactions 
between this dipolar structure and the membrane 
potential (negative inside, positive outside) can be 
envisioned. In this respect, it is perhaps significant 
that export of ^-lactamase, with A N< = +2, is more 
sensitive to reductions in the membrane potential 
induced by CCCP (a proton ionophore) than is 
export of the JtvK-protein, which has A N< --f4 
(Daniels et al., 1981). The likely absence of a 
sizeable membrane potential across the endoplasmic 
reticulum (Weinstein et al., 1982) may similar y 
explain the much weaker preference for negatively 
charged residues in the C-terminal region found 
above for the eukaryotic signal peptides. 



18- 1 

revertant 

19- 1 

revertants 



. ALTTRMFSASALAKIEEGKLVIWI . 
F 

. ALTTMRFSASALAKIEECKLVIWI . 

T 



<5* 
<5% 



phoA 



UP 



E 

EK ^ 
dd F.RER R R RERRD 
MKQSTIALALLPLLFTPVTKA*RTPEMPVLEH . 

E(<5t) 

R«5» 



MKATKLV LC AVI L.GSTLL AG * CSSN AKI DOS.. 
DUSO*) 



100$ 



100* 



Fieure 4 A summary of characterized signal 

ass as* rr«~j «— 

cleavage site. 
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Mutations in SignalSequence 

S Translocation, Signal 
Sequence Cleavage, and Membrane 
Binding Properties 
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Boston, Massachusetts 02114 



- known to mediate^the taraeting 
Signal sequences^ «JJ^™ Membranes, share 
f nascent secreted proteins to . charged 
common structural doma.ns. a pos ^ si , 
amino-terminus, a ^^P'f'^S^troduced 
c. avage domain. Muttons have JJ^o, ^ 
into the cDNA encoding ^jfiSlS-pn. to 
mammalian protein ^fj^^^rcleavage 

domain in secretion. T *° r m ^. r ^ iaWtpr opeptide 
tructed, missing the entire six "^P^ eaw . 

age domain. The effects ot« . . - , n 

na. function were esse ^J^Jl^Sitrans- 

clonal cel. ^Sl^TS^^^ t 
lation system. '"location and signal 

domain resulted in rediKed transiow ^ a , 

eteavage. Furthermore . « hJJJ Jjg&k signal 

f the signal <* ava *° ^ 
into a membrane anchor jWjje ^ 9 nce 

phobic sequences al and 
muscmcially affectthe^sioca , 8< 
rnembrane-bir-ling properhes of s^na eq 

(Molecular Endocrinology 3: 240-250, i» > 

INTRODUCTION 

AI.euKaryortcsecr^^^ 
the cytoplasm unattached , ^ide, 

terminal peptide extension^ ^ough 
directs the nascent chain ^Xctional importance 
endoplasmic ret.culum(1 2). The bfisned thro ugh 
of the signal sequence has been esw 

088M809/89/024O-O25OM2.00/0 

Molecular Endocrinology Qooctv 

Copyright© 1989 by The Endocrine Scoeiy 



thean^sofr^^ 

many mutant *^*^^tim** * * e 
^ shown that these IJ^J^ a ^ sequence 
signal sequence; further J*» ^ protein to 

from the precursor "^J"^^ protein caused 
the sequence of a "0™*"^°^ roug h endoplasmic 
thecytoplasmicp^ 

reticular membrane (3^™ thus clearly been demon- 
of the signal sequence has thuja y n 
strated. the specific ^J«£ ^thway to (are) 
directing proteins intothe secretory pa 
still not fully established t pat hway can be 

The early portion of the ^f^^s. Signal 
broken conceptual y >*^ 
sequences first ^^^Sf to VSRP receptor 

5Sp) W. which « ^SnSnwe of the endo- 
(docking protein) (5) '"^^s have been proposed 
plasmic reticulum, ^^^lo^tion process. The 
for the subsequent inse^tra^loca 

nascent protein may bin ^^^nces may interact 
proteins (6); may alter the struc- 

directly with the lipid ^^J**, conformation 

ture of the ? an Jport through the mem- 

erv*geticallycompete^ ^ 
brane (8). Tight binding o ^nasce ^ ^ 
branes requires STPP^ ^ b ^age of the 
translocation is ^^^Ja enzyme, rigrri 
signal sequence by a membr^ deaved , t 

peptidase HD. If the ^^^embrane (12). or 
5* pass r^or CSnt the membrane (13V 
may instead f**^^ roles in the discrete 
Signals therefore may play seve jnsertlon 
steps in secretion. the translocation 

into the ^^d*^«r* 

peptidase. 
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Signal Cleavage Domain -Muttons Affect^** 



Comparisons of the sequences of many signal pep- 
tides^SeTvealed no conserved W ™<V** 
but have revealed string 

signal P^ *^*^ mree doma ins in 

The functional importance of the tnree » 
the signal sequence has been demonstrated by char 
acStond mutant proteins. The pos.t.ve charge at 
S aS^tlinus is^ortant for tt^ J 

p?oteins (3). derations near the * ^avage srte can 

priate for insertion of the precursor imo ine 

M3 21-23)andforpreseritiiiganappropnatesubstrate 

^n^^^nes and r. c**ee 

conversion suggests that tne en* y 

secondary structure of this mutant may play an .mpo 

tant role in the phenotypic converse. 



RESULTS 

Construction of Mutant PTH Precursor DNAs 

The nucleotide and amino acid sequences at &e wild 
type preproPTH cDNA and the mutant cD Nft em 

K in'this study ^^S^£^i 
plasmid pPTHALI, pPTHm124 (28) was i we >^ 
Sons encoding the juncture between the prospeofic 
sequence and the mature PTH sequence (Fkj. 1B). The 



intact mature PTH s"J*"»- jdues of the 

encodes a protein missing the last nve 

Sous to the human signal sequence) andatthee^ 
suiting mutant. called » last three 

nflflM1 (3Q\ but containing the gpt gene), anu * 
neoSv(X)i touj, um » studies em- 

^'constructs are illust^ec hn F*. 1C • »WD^ 
,ines stably expressing mutant M.1 or ^ ■ ■ 
obtained by infection of cutt ^ t s ^;^ated by 
trovirus containing ^^^pgjoi -based 
transfection of *-2 cells (32). In the po 
constructs, transcnpt.on o «^ ™ £ co// RN A 
directed by the fac promoter « (33 ). the 
polymerase. After adjustmg buffer «*^» 
Sa was translated in rabbit retculocyte lysate. 



Processing of Mutant Precursors in GH,C, Clona. 

Lines 

The two deletion mutants - fSS^Sffig 
to, defects in processing and <*°^ n ^ arm ^ 
at,. Wse^ase analyses of ce^l^l^^ 

of cells expressing the normal prepror n y 
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pfcpfoTW ATC ATA CCt CCA AM 



. 3 --ssssa=ss!sasa«l 

;.U ATC ATA CCT CCA AM CAC ATC OCT AAA 



q^^aat a a a a a a a a a a 

ATC ATC TCT CCA AAA «■ 



. d«ltte<i- 



B 





Flfl 1 str^resof M utant<^and^ 

underlined pro^ly rescues <rf AL1 ^ s ^ono» AL1 P^ffi"£2£«inot drawn to ^J^.^Jfragments were 

intact precursor at the ^S^jCS 
signal sequence was f* e ;^ 
ably, the AL2 ^.VSSne 6 ) Radiosequence 
littlechangedatter3hof^ase(^ in isolat ed 
analysis of newly syntheazed cellar p 
from a gel confirmed that ths pepjd na ^ 14 
methionine residues at positions 1. z. 



shown). A small amou" °^J^ xtracts . This PTH- 
wa s variably det^.n *e oe ^ ^ 
sized band was secrete^ .ntoj ^eproPTH 
sl0 wly than from was the AL1 

^ !? SSffi tinc-termina. radiosequ- 
cleaved product (Pig- 



# 
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Signal Cleavage Domain MulafionsAftect 



oreAL2 &L2 * U 




B 



0 15 30 60 M • 0 8 30 60 .80 



PTH — 




-PTH 



,2345 6 7 8 9 10 
Fig. 2. Pulsed Ana^ of 0«- GHA C-Unes Ex- 

.Cel. were. pulsed with PSiri-l«n«e1or«m n 
chased wrth nonradtoactivf ' 1 ^£K^ 

. pn minutes): Cell lysates ^J^^l^Jogn- 
dpitated and subjected to gel electrophoreses ana «a 

phy. 



protein in ^-expressing cell in* > was a mixture t « 
L:PTH-related peptides: PTHPJJM -J ^ 

PTH peptides btpW"»*££ eoo no 
.fou^amjnoacidoftr^ 

1 Consequently, the methionines normally at posrti «»» 
aS.lTof PTH were found at positions 5 and 15. and 
'SdlTin the mixture «~%*^J^ 
.identical peaks were ^^^iTJrecur- 
.was repeated (data not shownV t4o uncleav^pr 

.'.'-sor was seaeted into the media from the cells 11-19 

;2 ^erW.ng for 15 min. the P**^ 1 ^ 

sis confirmed that this protein was the 
cursor (data not shown). A substantially ^^arnoun 
~ a deaved PTH-sized product 
from AL1-expressing cells than « ^2?SSp«* 
(Fio 2A) Sequence analysis showed that thisj pepw 
S fWS*) (Fig- 3B). ^JSS^S 

l^1P«^^f^3SS^ norma. 
preAL2 precursor but less efficiency w» 

JreproPTH. Moreov r. the deaved PJ*^J ^ 
preALI precursor disappeared from ^J^*^ 
appeared in the medium with more rapid k^etK*_ Urflw 
normal preproPTH, but like the preAL2 1«curBor.w« 
prcAL1pr£ursor was detected "T^XS 
bility of the AL1 precursor differed from thatof the A w 
precursor, however, since the AL1 precursor was de- 
graded rapidly intracellular* (F.g. 2A). ^ 
Keen the stabilities of these similar precursor pep- 



might be m different accessable to 

S might be sequest.red from the cytoplasm. 

Processing of preALI and P reAL2 Peptides in Cel.- 
Free Extracts 

A cefMree. ««**on« ^ 
uS ed in order to more ^^gSrnutants. 
characterize defects in the vectors de - 
Usingthe ,ac ^^^ZZe transcribed 
scribed .n F, 9- 1 ^ E p ^' "^Les and the pre-0- 

to assay H'^f Iowa in the presence of I bj 
were translated ' ^ immun opredpitated. 

methionine, with or ™™™£rtvacnAamde gradient 
separated on 15%-20%SDS P^yacn/ 4 

compares the processing « precursor, 
of the preALI precursor, ar^ of the p^^ P^ jmmu _ 

,n the absence of ™™^'Z%wZi<Xons pro- 
nopredpitated protein from ™^ j(j was 

K5K pth ^s^s^z 

„„A-u rpculted from initiation at me iniei»» 
preproPTH. resuitec nroi Drepro pTH signal se- 
thionines at position 7 of the prep ^ 
quenoe and at positons 8 and 18- of the ^ 
Llecule (data not shown . Th e two sgna,^ 
precursors in this translate re*ct «w « 
£ prc-PTH in the presence ^ , e numan 

proPTH contains only ""JjJJJSie for incor- 
preproPTH contains s.x meth.on.nes ava. 

In the absence of P.M, AL2 una"* ' data 
synthesis of the full-length ^^cS!K3«*»B 
shown in Fig. 3A), as well " ^So^H-- 1 
with methionine 7 (sequence in 

the absence of RM. ueavage ui Hoavaae 
sors was considerably less efficient^ *anthe cteavag 
of norma. preproPTH = e ^^pLrsors 
1 2). in this particular experiment. WfJP^T*: just 
were deaved so poorly that deaved ine f- 
detectable above the PTH(8-84) band. The ^ve in 
fidency of signal cleavage « ^^E^w.* 
precursors correlates well with the results tro 
cells: preproPTH > preALI > preAL2. 
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"lO 15 20 
Cycle Number 





D 



Cycle Number 



% „ ^^^^ aaM s&ss,. 



^ .if tr. ™, m « m ^ 



, u- a. 



i «n CLP 1" 



to 



15 20 25 
Cycle Number 



T 

30 



35 



= - ! -? , ( ' fc . 1 "' ■ ' J 



H 9 .3. Am^Term^Rad*^ ^St^ 7. 11. - " <%Z^^ 

\ Pre Al^ precursor ***** J ^J^ein secreted into media 
terminus of the predicted seque^J. ^^ ^ secreted ^'"g^ISy. the sequ^Rrdt«r« 



Transition of the Mutant Precursors through the 
M mbrane 

sore could occur because the proteins w «« 
coefficient^ to the vicinity of the signal pptfase. 

or because the mutant -^T^^Sl^ 
for signal peptidase. To distinguish tetween 

sibilitL, a ^^^^^toSSrse 
assess the ability of the mutant P"f^ <° 
the microsomal membrane, n *' s ^XesM?c- 
added to completed translation "^^SJnteo- 
teins that have not been transloca^J ^ossme^c 
somal membrane but cannot *»* of 
teins. After translation of *°™"^J£^,00 
microsomal membranes, 

M g/ml each) were added for 90 mm at 0 C. Proauci 



««, nmteotvsis were immO^rwpitated, 

proteins remaining after P^^^ 'reaction 
Inherently resistant to ^^^^ooi seques- 
contained both protease 8*MA ™ on ^ sis - after 
tered proteins become sensitive to pro y 

disruption o^-^^e t£* to transla- 
membrane and then P rote ^^ complete. In this 

of membranes could be ^ proteolytic- 

protection assay, ^^^^rdiaestion within the 
JeproPTH. was ««»^ p £Sh was com- 
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Fig. 4. Cleavage and Translocation of Related PTH Precursors 
In indicated lanes RM were added during translation or 
posttransiatkxialty (MPT). Trypsin and chymotrypsin were 
added to indicated lanes (T + CT); Triton X-100 was added 
along with protease as indicated (Det). Precursor and proc- 
essed products are indicated by arrows. 

pletely digested (lane 13). Similarly, processed AL1 was 
protected, while the unprocessed precursor preAU 
was digested (lane 3). The inefficient cleavage of the 
preAU precursor was thus a¥i^ted;with inefficient 
translocation of the precursor through the membrane. 

The translation products of the AL2 expression plas- 
mid exhibited a different pattern of protection from 
controlled proteolysis. Both of the preAL2 precursors 
were somewhat protected from proteolysis, as was the 
very small amount of cleaved protein, visible on longer 
exposure of the film (lane 8). v Jhese proteins were 
inherently digestable, since addjtiori of detergent led to 
the proteolysis of the preAL2 precursors (lane 9). Fur- 
thermore, the protected precursors; were, not resistant 
as the result of a nonspecific hydrophobic interaction 
of the undeaved signal with ^thet membrane surface, 
since addition of RM after tran^atidnrdid not protect 
the preAL2 precursor from digestion (lane 10). Thus, 
although the preAL2 precursor was; translocated 
through the membrane somwffat less efficiently than 
preproPTH (compare lanes 7 and8 with lanes 12 and 
1 3), the translocated protein waS;SO inefficiently cleaved 
that the undeaved. translo^t^^ could be 
detected by the proteolytic^]^ 

Location of the Precursor in the Membrane 

Proteolytic-protection experiments are useful for distin- 
guishing proteins that are outside from; those that are 
inside the membrane-bound veside. However, they do 
not distinguish proteins that are inserted into the mem- 
brane from those that are translocated completely 
through the membrane and are free in the microsomal 
lumen or loosely bound to the membrane's inner sur- 
face. To determine the nature of the association of the 
translocated precursor with the membrane, the mem- 
branes were extracted under alkaline conditions and 
then centrifuged. Both loosely bound membrane pro- 
teins and those that are free within the lumen are 
extractable under such conditions (36). Only integral 
membrane proteins remain in the pelleted membran 



fraction. After translation in the presence of RM and 
[^methionine, reactions were adjusted to pH 11.5 
with 1 m NaOH and incubated 10 min at 0 PC (37). 
Membrane pellet and supernatant fractions were ob- 
tained by centrifugation, neutralized, immunoprecipi- 
tated, and subjected to SDS-polyacrylamide gel electro- 
phoresis for analysis. Figure 5 demonstrates that, even 
under these vigorous extraction procedures, much of 
the precursor preAL2 translated in the presence of RM, 
was retained in the membrane fraction. Lane 8 contains 
the expected products of preAL2 translation in the 
presence of microsomes. The intensities of the bands 
in lane 8 are considerably lower than the intensities in 
lane 7, because a large amount of pancreatic microso- 
mal extract was added to the translation reaction. The 
large amount was required because the cleavage and 
translocation of preAL2 are inefficient. These large 
amounts of membrane often nonspedfically inhibit pro- 
tein synthesis. After centrifugation of the same amount 
of radioactive protein shown in lane 8, lanes 9 and 10 
show that a substantial fraction of the preAL2 precursor 
pelleted with the membranes. This result suggests that 
at least a portion of the pre AL2 precursor is an integral 
membrane protein. The association of the preAL2 pre- 
cursor with the membrane occurred only when the 
membranes were present during translation. When 
membranes were added after translation and then ex- 
tracted (lanes 11 and 12, which contain the same 
amount of radioactive protein as lane 7), only a small 
amount of precursor preAL2 associated nonspedfically 
with the membrane fraction and pelleted with the mem- 
brane (lane 12). Unlike preAL2. both preproPTH (data 
not shown) and pre AL1 precursor proteins (lanes 3 and 
4) were not associated with the membrane. The entire 
experiment in Fig. 5 was repeated a second time, with 
virtually identical results. Furthermore, expenments us- 
ing differential urea extraction (38) to extract membrane 
proteins similarly demonstrated that preAL2 was tightly 
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Fig. 5. Membrane Binding of Mutant PTH Precursors 

RM were present during translation in indicated lanes or 
were added posttranslationally (MPT). Sodium hydroxide was 
added after translation to adjust pH to 1 1 .5 in indicated lanes 
(NaOH). After addition of base and incubation on »ce for 10 
min. reactions were centrifuged. Supematants (S) are dis- 
played in lanes 3, 5. 9. and 11; pellets (P) are displayed in 
lanes 4, 6. 10, and 12. Precursor and processed products are 
indicated by arrows. 
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associated with the membrane (data not shown). There- 
fore, removal of several amino acids in the cleavage 
domain converted preAL2 into an integral membrane 
protein. 



DISCUSSION 

Signal sequences have been characterized as contain- 
ing three structural domains (14) that may have func- 
tional importance. In order to analyze the roles played 
by the hydrophilic signal cleavage domain in the secre- 
tory process, mutations were introduced into the cDNA 
of the eukaryotic secretory protein preproPTH. Two 
mutant genes were anafyzed m the present study, both 
missing the entire propeptide-specific domain, and vary- 
ing amounts of the signal cleavage domain. 

The properties of the preAL2 precursor (Fig. 1) dif- 
fered from those of normal preproPTH in three respects: 
the precursor was translocated across the membrane 
somewhat inefficiently, the precursor was cleaved by 
signal peptidase with striking inefficiency and at novel 
residues, and much of the 'precursor became tightly 
associated with the microsomal membrane, with bind- 
ing properties characteristic of integral membrane pro- 
teins. The preAU precursor (Fig. D also exhibited an 
altered phenotype: the precursor was translocated 
across the membrane inefficiently; consequently less 
than normal amounts of precursor were cleaved by 
skjnal peptidase and. again, cleavage was at a novel 
location (F.g. 3d). In contrast to the preAL2 precursor, 
none of the preAU precursor crossed the membrane 
without cleavage, arid none could be shown to be tightly 
bound to the membrane: these results are consistent 
with earlier reports which demonstrated that mutations 
in the signal cleavage domain can disrupt cleavage ot 
yeast (19. 20) and bacterial (39) precursor proteins. 

The inefficient cleavage of the preAL2 precursor is a 
particularly surprising observation. The sequence arg- 
ser-val-ser (Fig. 3D) adjacent to the hydrophobic core 
provides a sequence that should well serve as an 
appropriate cleavage domain containing the sman 
arnTnoackJs found at positions -1 and - I adjacent to 
most cleavage sites (40). Nonetheless . while cleavage 
of the preAL2 precursor did occur, it was singly 
inefficient. Application of the method of von , Hejne 
to predict the location of signal cleavage sites by corn 
paring a test sequence with the sequences of a large 
number of known signal sequences pred.ct ^at^n 
fact, both cleavage sites used in the preAL2 molecule 
should be well suited cleavage sites (Fig. 6). Since 
cleavage was so poor, we speculate that the sequence 
though has an appropriate primary »VJenoe. 
in fa* reach the signal peptidase in a sfable ***** 
ary structure. Perhaps the absence of a suftoentiy 
Stole 0-turn (see below) shielded the cleavage srte 

from the enzyme. Lipp and M*^J2iK5 

the behavior of a somewhat analogous 

found that a cryptic signal sequence cleavage domain 



could be made manifest by altering adjacent sequences 
of a membrane anchor sequence. They speculated that, 
in its normal setting, the cryptic site is not used because 
it does not reach the signal peptidase. 

Analysis of the predicted secondary structure of the 
mutant and normal preproPTH molecule supports the 
possibility that the preAL2 precursor might lack a suit- 
ably flexible signal sequence. Figure 7 displays the 
results of the application of the rules of Chou and 
Fasman (43) to the preAL2 precursor (Fig. 7B). to 
human preproPTH (Fig. 7A), and to the preAU precur- 
sor (Fig. 7C). using a computer program devised by 
Novotony and Auffray. The most striking difference 
observed in comparing the three sequences is in the 
predicted structure of the preAL2 precursor the 
preAL2 precursor is missing a predicted 0-tum struc- 
ture that interrupts the a-helical region at the end of the 
signal sequence (predicted 0-turns are represented by 
peaks above the line marked T.) The otherwise closely 
related preAU precursor has /S-turn potential, contrib- 
uted by the pro-gly residues encoded by the synthetic 
oligonucleotide used in its construction. Similarly, nor- 
mal preproPTH has the residues ser-asp-gly to provide 
fl-tum potential at the end of the signal sequence. In 
the absence of a sequence which might introduce struc- 
tural flexibility, the preAL2 precursor might form a rel- 
atively uninterrupted extended «-helix, that could in- 
clude the hydrophobic stretch from residues five to 
eight of mature PTH (ile-gly-leu-met). 

The preAU precursor was cleaved more efficiently 
contranslationally (in the presence of pancreatic micro- 
somes), even though its primary structure resembles 
that of the preAL2 precursor. Presumably, the flexibility 
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provided by the inserted pro-g!y residues (see Fig. 7) 
allowed cleavage after the second serine in the se- 
quence pro-giy-ser-val-ser. The greater distance of the 
serine from the hydrophobic core may have encouraged 
cleavage as well. Interestingly, the preAU precursor, 
unlike the preAL2 precursor, was not cleaved after the 
first serine in this sequence, von Heijne (41) noted that 
proline is absent at position -3 from the signal cleavage 
sites of his large collection. As expected, this site has 
an unfavorable value in the calculated probability of 
processing using von Heijne's rules (41) (Fig. 6). The 
results observed with the preAU mutant are therefore 
consistent with von Heijne's predictions for signal pep- 
tidase enzyme activities. Therefore, the observed dif- 
ferences in the cleavage sites chosen in the two mu- 
tants by signal peptidase may be explained by predicted 
signal peptidase specificites, while difference, in cleav- 
age efficiency may be due to alterations in the second- 
ary structure of the mutant precursors. 
-The substantial inefficiency of cleavage of the preAL2 
precursor permits an analysis of the localization of the 
translocated but uncleaved precursor. Resistance of 
the precursor to proteolytic digestion and lack of ex- 
faction of the precursor from membranes with alkali 
suggest that the preAL2 precursor was imbedded in 
the membrane as an integral membrane protein. The 
preAL2 precursor's. 12 residue hydrophobic core 
(shorter than a typical membrane anchor sequence) is 
separated from other hydrophobic residues in the ma- 
ture PTH molecule by arginine and glutamic acid resi- 
dues; as well as by two polar serine residues. Adams 
and Rose (44) showed that shortening of the mem- 
Tbrane-spanning domain of the G protein of the vesicular 
stomatitis virus to twelve or even eight residues still 
allowed the protein to span the membrane. Davis and 
Model (45) have demonstrated that a hydrophobic 
-stretch of as few as 1 0-1 4 residues can serve to anchor 
a precursor in the membrane, although unstably; the 
hydrophobic stretch in the signal of preAL2 could well 
, perform a similar function. Further, the extended o-helix 
, predicted by the Chou-Fasman calculations might allow 
the hydrbphobic residues at positions 5-8 of mature 
PTH to further stabilize the membrane-spanning domain 
of preAL2. . 

The preAL2 precursor, and more strikingly the 
preAU precursor, were translocated across the micro- 
somal vesicle less efficiently than was normal 
pfeproPTH (Fig. 4). The particularly inefficient translo- 
cation of the preAU precursor may have been caused 
by the shortening of that precursor's hydrophobic core 
from 12 to 10 residues. (This calculation of core length 
assume that the proline introduced by the oligonucleo- 
tide into the preAU sequence terminates the core.) In 
contrast, the sequence of the hydrophobic core of the 
preAL2 precursor is normal; only the signal cleavage 
domain is altered. The somewhat inefficient transloca- 
tion of this precursor may have been due to deletion of 
the propepttde-specific domain. Removal of this domain 
alone also resulted in somewhat inefficient translocation 
(Wiren, K. M., H. M. Kronenberg, and J. T. Potts Jr., 
submitted for publication). Alternatively, the lack of 



predicted flexibility associated with the loss of the ser- 
asp-gly residues at the end of the signal sequence may 
have disrupted the protein's normal interaction with the 
translocation apparatus. It is also possible that the 
inability of signal peptidase to remove the signal se- 
quence efficiently led to inefficient translocation of the 
rest of the protein. 

We have found that alterations in the signal cleavage 
domain result in both reduced translocation and signal 
cleavage efficiency. Furthermore, in the AL2 mutant, 
the removal of a few amino acids in the signal cleavage 
domain converted the signal sequence into a membrane 
anchor sequence. In order to more fully understand the 
mechanisms responsible for the altered phenotypes of 
the mutant precursors, the several steps in the trans- 
location and cleavage process must be assessed in- 
dependently using appropriate in vitro test systems. 
Such an analysis of the mutants described here, and of 
other analogous structures, should lead to a greater 
understanding of the functions of discrete portions of 
signal sequences, and the relationships between signal 
sequences and stop-transfer sequences. 



MATERIALS AND METHODS 
Plasmid Construction 

The methods for preparation of plasmid DNA, cleavage with 
restriction enzymes, purification of DNA fragments, ligation 
with T4 ligase and transfection of E. coli were performed as 
described (46). The AL1 mutant plasmid created from 
pPTHm124 was obtained after Bal 31 exonuctease digestion; 
the sequences of both mutants were determined by DNA 
sequence analysis (29). Plasmid pZlP-v-gpt was a gift of R. 
Mulligan (Department of Biology, MIT, Cambridge MA; and 
Whitehead Institute for Biomedical Research). 



Cells 

The rat pituitary cell line GH 4 C t (47), was maintained in Dul- 
becco's modified Eagle's medium containing 10% calf serum 
in 95% air-5% C0 2 . The ^-2 packaging cell line (32). a clonal 
NIH 3T3 cell line productively transfected with a deleted Mo- 
loney murine leukemia virus missing packaging sequences, 
was a gift of R. Mulligan. 

DNA Transfection and Viruses 

DNA transfections were performed with 10 ^g plasmid DNA 
by the procedure of Graham and Van der Eb (48), as modified 
by Parker and Stark (49). Virus infections in the presence of 8 
/ig Polybrene/ml for 2.5 h. Aminopterin was omitted from g/pf- 
seiection medium prepared for use with GH 4 C, cells (50). 

Protein Labeling and Sequence Determination 

To radiolabel cells, 100-mm plates of confluent cells were 
rinsed in methionine-deficient DMEM containing 10% rfialyzed 
fetal calf serum, and then incubated with 0.5 mCi [^methi- 
onine in 4 ml of the same medium. Chase medium contained 
30 mg nonradioactive methionine/titer. Incubations were ter- 
minated by cell lysis with detergent-containing buffer as de- 
scribed previously (34), and the protease inhibitor phenyimeth- 
ylsulfonytfluoride (500 Mg/ml). 
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Immunopreclpttati n with Rabbit Anti-Bovin PTH 
Antibody 

Recovery of the immunoprecipitated proteins, was accom- 
plished as previously described (34). Proteins were separated 
on a 15%-20% SDS-polyacrytamide gradient slab gels. Gels 
were fixed, incubated in En 3 Hance (DuPont-NEN, Wilmington, 
DE) according to manufacturer's specifications, dried, and 
subjected to fluorography. Sequencing of proteins eiuted from 
dried gels was by automated Edman degradation as previously 
described (33). 

Transcription-Linked Translation 

Expression plasmids, based on pGL101 (31) were transcribed 
by E coti RNA polymerase as previously described [33). The 
mRNA produced was translated in a nudease-digested retic- 
ulocyte fysate. To test for translocation through the membrane 
(of added RM from canine pancreas), limited protease diges- 
tion was done. Trypsin and chymotrypsin were added to the 
translation reactions at 100 tig/ml Triton X-100, at 1% final 
concentration, was added as a control to some reactions. As 
an additional control for some reactions, membranes were 
added after translation was complete at 30 min. Reactions 
were then incubated 90 min on ice, followed by the addition 
of aprotinin (150 kallikreirHnhibiting units) to ait reactions. 
Triton X-100 was then added at 0.2% final concentration to 
those tubes without prior detergent addition. Radiolabeled 
proteins thus produced were then subjected to immunoprecip- 
rtation as described above. 

Membrane Association 

Alkaline extraction of protein from membranes was based on 
the method of Russel and Model (37). After transcription and 
translation in the presence of membranes as described above, 
reactions were adjusted to pH 11.5 with 1m NaOH and 
incubated on ice for 10 min. Membrane and supemantant 
fractions were obtained by centrifugation at 1 5,000 x p for 30 
min. After immunoprecipitation, radiolabeled proteins were 
separated on 15%-20% SDS-polyacrylamkte gradient slab 
gels. Gels were incubated in En 3 Hance and dried, and fluorog- 
raphy was performed. 
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W have previously described a novel mutant of hu- 
man preproapoh'poprotein A-II (pre(Apro)apoA-II) m 
which the wild- type 18-amino acid-long signal se- 
auence (Gly 18i ) was functionally redefined to 20 ammo 
acids in length (Ala 20 '). We have used this mutant as a 
model preprotein to probe the substrate specificity of 
eukaryotic signal peptidase. Site-saturation muta- 
genesis was performed resulting in the substitution of 
13 different amino acids (acidic, basic, aromatic, hy- 
drophobic, and small-neutral) for Ala 20 (or position 
-1) The effects of these substitutions were assessed 
using an in vitro transcription/translation/microsomal 
membrane processing system. NH 2 rterminal sequence 
analysis of the 13 mutant proteins demonstrated that 
amino acids which occupy positional in a signal pep- 
tide are critical in establishing a good context for signal 

-ptidase cleavage and that two or more potential sites 
cleavage may compete for recognition by signal 

jptidase. , 

Eukaryotic signal peptidase is an integrakmembrane pro- 
tein complex of the endoplasmic reticulum-(Kreibich^t al., 
1980- Lively and Walsh, 1983) capable of^eridoproteolytically 
(Strauss et al, 1979; Mollay et al, 1982; Stern and Jackson, 
1985) cleaving signal peptides from jpreprbteiris during co- 
and post-translational translocation across the endoplasmic 
reticulum bilayer (Blobel and Dobberstein, 1975; Caulfield et 
al 1986; Maher and Singer, 1986). Recently, canine pan- 
creatic microsomal signal peptidase - (Evans *et al, 1986) as 
well as hen oviduct signal peptidase (Baker etal,- 1986) have 
been purified. They exist as a complex of six polypeptides 
which require phospholipids for biological activity (Jackson 
and White, 1981). Proteolytic processing of prokaryotic signal 
peptides is mediated by two proteases: signal peptidase I 
(Wolfe et al, 1983) and signal peptidase II (Innis et al, 1984). 
Bacterial signal peptidase II is sensitive to the antibiotic 
globomycin (Dev et al, 1985) and only cleaves preproteins 
which contain lipids coupled to their NH 2 -terrhinal residues. 
Bacterial signal peptidase I is not affected by globomycin and 
cleaves the precursors of most other exported prokaryotic 
proteins (for review, see Wu, 1986). In addition, bacterial 
signal peptidase I correctly processes some eukaryotic prepro- 
teins (e.g. Watts et al, 1983) as well as hybrid prepolypeptides 
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containing prokaryotic signal peptides fused to eukaryotic 
cytosolic proteins (Lingappa et al, 1984). The converse has 
also been demonstrated for eukaryotic signal peptidase which 
correctly processes a bacterial preprotein that is normally 
cleaved by bacterial signal -peptidase I (Muller et al, 1982) 
Recently, Garcia et al (1987) constructed several mutants of 
a hybrid protein containing the signal peptide and the first 
nine amino acids from bacterial outer membrane lipoprotein 
fused directly to ^-lactamase. They examined the site of 
eukaryotic signal peptidase cleavage of this chimeric mutant 
and compared these results to those obtained in a prokaryotic 
system (Ghrayeb et al, 1985). They concluded that eukaryotic 
signal peptidase and prokaryotic signal peptidase I possess 
similar substrate specificities which, contrast markedly with 
the specificity of bacterial signal peptidase II (Garcia et al, 
1987) 

Amino acid sequence comparisons of known eukaryotic 
signal peptides have provided clues about structural features 
which may be important in defining the substrate specificity 
of eukaryotic signal peptidase (Austen, 1979; Perlman and 
Halvorson, 1983; von Heijne, 1983). These studies suggest 
that several features of-the primary and secondary structure 
of prepeptides may affect efficient and accurate cleavage of 
signal peptides by. signal peptidase (review in von Heijne, 
1984, 1985). For example, a /3-turn structure 5-6 residues 
upstream of the site of signal, peptidase cleavage has been 
oredicted to occur in most eukaryotic signal sequences (Aus- 
ten, 1979; Perlman and Halvorson, 1983). This 0-turn inter- 
rupts the a-helical or 0-strand structure of the hydrophobic 
membrane-spanning domain present in prepeptides ana pre- 
sumably allows, promotes, or presents a conformation com- 
patible with signal peptide cleavage. The primary ammo acid 
sequence of the signal peptide may also contribute to signal 
peptidase specificity: amino acids found at positions -1 and 
-3 almost always contain small-neutral side chains (e.g. Aia. 
Gly, Ser, Thr, and Cys), although position -3 is somewruu 
less restrictive and may include hydrophobic residues (e.,. 
Leu Val, He). This observation has been formally incotfo- 
rated into the -(-8.-1) rule" by von Heijne (1983 1984) or 
the "A-X-B 1 " model by Perlman and Halvorson (198.3). 

Inspection of eukaryotic preprotein data bases has yielded 
rules for predicting sites of co-translational cleavage. How- 
ever, there have been no systematic attempts to determine 
experimentally the relative contribution various ammo acids 
may have at different positions within the signal peptide on 
cleavage site selection by eukaryotic signal peptidase, Ai 
though the substrate requirements appear to be similar in 
eukaryotes and prokaryotes, more information is availab e 
about the prokaryotic signal peptidase. For example, Follitt 
et aL (1986) have shown that substituting two ammo acids oi 
increasing size at position -1 in the bacterial lipoprotein 
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signal peptide prevents cleavage by signal peptidase II. Dier- 
stein and Wickner (1986) demonstrated that residues span- 
ning positions —9 to +5 of the M13 procoat protein influence 
the efficiency of signal peptidase I processing. Inouye et aL 
(1986) and Lehnhardt et ai (1987) have proposed a structural 
compatibility model for prokaryotic preprotein processing: for 
any given signal peptide to be fully functional, it must be 
structurally compatible with the protein to be secreted. They 
proposed that this structural compatibility is based on sec- 
ondary structure present at or around the site of signal peptide 
cleavage. 

In a recent study, we described a mutant eukaryotic prepro- 
tein that was constructed by deleting the prosegment coding 
region from a human preproapolipbprotein A-II cDNA (Folz 
and Gordon, 1986). PreproapoA-II contains an 18-residue 
prepeptide, a^entapeptide prosegment, and a 77-residue ma- 
ture domain which is incorporated into human high density 
lipoproteins. Although the 18*amino acid-long signal peptide 
was left completely intact in the mutant pre(Apro)protein, 
co-translational cleavage studies demonstrated that the site 
of cleavage was redirected to a unique position two amino, 
acids into the mature protein domain (Gly l8 -Gln-Ala 201 ). 
Based on this observation, we anticipated that judiciously 
placed mutations near or around the site of signal peptide 
cleavage in pre(Apro)apoA-II would help elucidate structural 
requirements important in determining the site of preprotein 
processing. The strength of this model preprotein rests on the 
fact that if a mutation is made which inhibits cleavage at the 
primary site of signal peptidase processing (Ala 201 ), an alter- 
native, secondary site of cleavage is potentially available 
(Gly 181 )- The results of the mutagenesis can therefore be 
interpreted by comparing the extent of cleavage at positions 
18, 20, or 18 and 20. 

We have now substituted 13 different amino acids for Ala 20 
(or position -1) in pre(Apro)apoA-II and studied the effects 
of these mutations on in vitro co-translational translocation 
and signal peptidase processing. Based on these studies, we 
demonstrate that amino acids at position —1 are critical in 
defining a good context for eukaryotic signal peptidase cleav- 
age. Furthermore, we show that two or more potential sites 
of signal peptidase cleavage may compete for recognition by 
this protease. Pre(Apro)apoA-II and the various mutants de- 
scribed here may be used to probe selectively the contribution 
other structural features have in defining the site of signal 
peptidase cleavage. " 

EXPERIMENTAL PROCEDURES 

Materials and Radiochemicals — pGEM2 DNA, T 7 RNA polymer- 
ase, nuclease-treated rabbit reticulocyte lysate, RNasin, and reagents 
for dideoxynucleotide sequencing were from Promega Biotec. T 4 DNA 
ligase and T 4 polynucleotide kinase were purchased from Bethesda 
Research Laboratories and New England Biolabs, respectively. L- 
[3 f 4- 3 H]valine (45 Ci/mmol) was obtained from Amersham Corp. L- 
[^SJMethionine (1130-1150 Ci/mmol) was from Du Pont-New Eng- 
land Nuclear. Canine pancreatic microsomal membranes were either 
from Amersham Corp. or prepared as previously described by Walter 
and Blobel (1983). 

Oligodeoxynucleotide-directed Site-saturation Mutagenesis of Hu- 
man Pre(lpro)apoA-II — The overall strategy for mutagenesis is out- 
lined in Fig. 1. First, a Styl site was engineered near the signal peptide 
processing site of pre(Apro)apoA-II by annealing —0.08 pmol of 
single-stranded Ml3mpl8 DNA containing human pre(Apro)apoA-II 
cDNA (Folz and Gordon, 19S0) to 10 pmol of a mutagenic 33-base 
oligodeoxy nucleotide which contains a single base mismatch (5'- 
GCCTTGAAGGACAGGCCAAGGAGCCATGTGTGG-3'). Hybridi- 
zation occurred in a solution of 100 mM NaCl, 10 mM Tris-HCl (pH 
8.0), and 1 mM EDTA. This hybrid was then used directly to trans- 
form Escherichia coli strain JM109 (Hanahan, 1985) without any 
prior in vitro primer extension (Burke and Olson, 1986). Duplicate 
plaque lifts of the resulting recombinant phage library were prehy- 



bridized for 2.5 h at 60 'C in buffer A (0.9 M NaCl, 90 mM sodium 
citrate, 1% (w/v) Sarkosyl, and 50 Mg/ml salmon sperm DNA). Filters 
were then placed in fresh buffer A containing the K P-labeled 33-mer 
(specific activity -2.5 x 10 s cpm/pmol, 5 x 10 5 cpm/ml of hybridi- 
zation solution). Hybridization was allowed to proceed for 20 h at 
60 *C. Filters were repetitively washed in buffer B (150 mM NaCl, 15 
mM sodium citrate, 1% Sarkosyl) at increasing temperatures (25- 
68 *C). DNA was prepared from one of the candidate (probe-positive) 
mutants, and its cDNA insert was characterized by digestion with 
Styl as well as by nucleotide sequence analysis (Sanger et aL, 1977), 
An £coRI fragment of the pre(Apro)apoA-II cDNA containing the 
Styl site was subcloned into the £coRI restriction site of pGEM2. 
The Pstl site present in the pGEM2 polylinker was destroyed by 
double digestion with Accl and Hindi II. The resulting DNA was 
treated with DNA polymerase I (Klenow fragment) and all four 
deoxynucleotide triphosphates to create blunt ends. A blunt-ended 
ligation was performed with T< DNA ligase, and the DNA was 
redigested with Hindlll to reduce the background of recircularized 
vector DNA before transformation of £. coli strain DH5. A recombi- 
nant plasmid lacking the pGEM2 polylinker Pstl site was identified. 
The relative orientation of its insert DNA was determined by diges- 
tion with Pstl. 

Thirteen amino acids were substituted at position 20 of 
pre(Apro)apoA-II using a cassette mutagenesis strategy (see Fig. 2). 
Digestion of the plasmid containing pre(Apro)apoA-II cDNA with 
Pstl and Styl produced a 24 -base gap which includes codons 14-21. 
Complementary degenerate oligodeoxynucleotides of 16 bases (5'- 
GCCTTGAAGGACAGNN-3') and 24 bases <5'-CTTGNNC- 
TGTCCTTCAAGGCTGCA-3') were synthesized (as described be- 
low) where N at the first and second positions of codon 20 represents^ 
A, G, C, and T. The oligodeoxynucleotides were end-labeled with ,T 4 ;. 
polynucleotide kinase in the presence of [7- 32 P]ATP. The duplex - 
synthetic oligonucleotide was ligated into the gap generated by Pstl 
and Styl digestion of the recombinant plasmid. This was followed by 
transformation of E. coli strain DH5 (Hanahan, 1985). These cas- 
settes replaced the coding sequences removed by Pstl/ Styl digestion 
and generated all possible substitution mutations at the first and 
second positions of codon 20. Mutated DNAs were identified by 
double -stranded dideoxy-DNA sequencing using the T7 promoter 
primer on minilysate preparations (Birnboim and Doly, 1979) of 
plasmid DNA. - : ■ * 

To generate an Ala 20 -> Gly 20 mutant of pre(Apro)apoA-II, the 24- . 
base oligodeoxynucleotide (S'-CTTGCCCTGTCCTTCAAGGCTG-,; 
CA-3') containing a Gly 20 codon was used in place of the degenerate 
24 -base oligodeoxynucleotide. All other procedures were identical to, 
those described in the preceding paragraph. 

All oligodeoxynucleotides were synthesized by an Applied Biosys- 
tems Model 380A or -B DNA synthesizer employing the solid-phase- 
phosphoramidite method. Synthesis of degenerate oligodeoxynucleo-: 
tides in which all 4 bases were required at a particular position was 
accomplished by programing the delivery of all bases or by manually 
preparing a mixture containing all 4 bases before synthesis. The 16- 
mer degenerate oligodeoxynucleotide listed above was synthesized on' 
an oxidizable solid support resin (Molecular Biosystems Inc.). This 
oligodeoxynucleotide was chemically deconjugated from the support 
resin as follows. Fibers were removed following the completion of- 
DN A synthesis, extensively washed in distilled water, and submerged^ 
in acetonitrile. They were then placed in a glass tube containing a 
10-ml solution of sodium metaperiodate (110 mg) and 20 mM Na 2 P0 4 
(pH 7.0). The tubes were sealed, wrapped in aluminum foil to prevent 
exposure to light, and rotated at room temperature for 2.5 h. The 
fibers were removed and washed extensively in "distilled water. The 
oligodeoxynucleotide was solubilized by twice incubating the fibers 
with a 1-ml solution of waterJV-propylamine (9:1) for 2.5 h at 50 "C 
with occasional mixing. The water:iV-propylarhine was removed by 
lyophilization, and the oligodeoxynucleotide was purified by succes- 
sive ethanol precipitation. 

In Vitro Transcription Reactions— Wild- type human preproapoA- 
II mRNA and preUpro)apoA-II mRNA were transcribed by T 7 RNA 
polymerase. All 14 pre(Apro)apoA-II site-saturation mutants were 
linearized with the restriction enzyme Nhel, and a run -off transcrip- 
tion was performed essentially as described (Folz and Gordon, 1986) 
except that T 7 RNA polymerase (0.5 unit/>il) was used in place of 
SP6 RNA polymerase. RNA integrity and homogeneity were con- 
firmed by electrophoresis of the M P-labeIed RNAs through 4% poly- 
acrylamide (3.8% polyacrylamide, 0.2% bisacrylamide) gels contain- 
ing 8 M urea. 

In Vitro Translation and Co-translational Translocation/ Processing 
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Assay— T 7 -derived RN A was translated in an in vitro nuclease-treated 
rabbit reticulocyte lysate cell- free translation system in the presence 
>f [ M S]methionine, as described in an earlier publication (Folz and 
Gordon, 1986). To assay the kinetics of co-translationai processing, 
30-^1 reactions containing [ M S] methionine (37 pC'i), RNasin (1.3 
units/^O, canine pancreatic microsomal membranes (10 pi), nuclease- 
treated rabbit reticulocyte lysate (10 pi), and mRNA (30 fmol/pl) 
were incubated at room temperature. At 30, 60, and 90 min, 10-pl 
aliquots were removed and added to 1 ml of ice-cold immunoadsorp- 
tion buffer (Gordon et a/., 1983b) to stop the reaction. Rabbit anti- 
human apoA-II sera preadsorbed to protein A-Sepharose CL-4B was 
used to immunopurify the translation products (Gordon et aL, 1983a). 
Antigen-antibody-protein A-Sepharose complexes were extensively 
washed (Gordon et a/., 1983b), dissociated, and electrophoresed 
through a 16% polyacrylamide gel containing 0.1% SDS 1 (Laemmli, 
1970). The slab gels were fixed (in 40% methanol, 10% acetic acid), 
dried, and autoradiographed by using Kodak XAR-5 film and a 
Lightning Plus soreen (Du Pont-New England Nuclear) at -70 'C. 

NHj'terminat Protein Sequencing— [^Methionine- or [ 3 H]va- 
line-labeled apoA-II polypeptides synthesized in reticulocyte cell-free 
translation systems containing canine pancreatic microsomal mem- 
branes were purified by immunoprecipitation and electrophoresed 
through denaturing 15% polyacrylamide tube gels containing 0.1% 
SDS (Laemmli, 1970). The tube gels were frozen and sliced (into 1- 
mm sections), and the radiolabeled protein was passively eluted 
overnight into 5 mM sodium phosphate buffer (pH 7.1) containing 1 
mM phenylmethylsulfonyl fluoride and 1 mM benzamidine HC1. The 
M S- and 3 H-labeled polypeptides were subjected to automated sequen- 
tial Edman degradation using a 0.33 M Quadrol program (Thomas et 
ai, 1981; Gordon et aL, 1982) and a Beckman 890C spinning cup 
sequenator. 

Data Collection and Computer-assisted Analysis— [ M S]Methionine- 
labeled protein bands from autoradiograms were scanned using' a 
LKB Ultrascan XL laser densitometer, and the peaks were quanti- 
tated by integration using the densitometer's internal digital integra- 
tor. Only signals in the linear range of film sensitivity were used in 
the subsequent analysis. The primary translation products of all 
mutant mRNAs contain 2 methionine residues, whereas the processed 
proteins (which have lost their signal peptide) contain only 1 methi- 
onine. Therefore, the percent processing for each precursor protein 
was calculated as follows: % processing = (2 x processed apoA-II)/ 
((2 x processed apoA-II) + (unprocessed preapoA-II)) x 100. The 
computer programs SIGSEQl and SIGSEQ2 (Folz and Gordon, 1987) 
were used to predict signal peptidase processing probabilities for all 
mutant proteins described in this report. 

RESULTS 

Construction and Characterization of Site -saturation Mu- 
tants—The plasmid pAII(APro) contains a cDNA which en- 
codes the mutant human apolipoprotein pre(^pro)apoA-II 
(see Fig. 1 and Folz and Gordon, 1986). To understand better 
the structural features important in defining the site of sig- 
nal peptidase cleavage in this model preprotein, we performed - 
site-saturation mutagenesis at the Ala- 0 codon. The strategy 
we chose for constructing 13 different amino acid substitu- 
tions for Ala 20 is depicted in Figs. 1 and 2. The creation of a 
silent Styl restriction site in pre( Apro)apoA-II cDNA involved 
a single base substitution (A to C) at the third position of 
codon 20 using the mutagenesis protocol of Burke and Olson 
(1986). The advantage of this protocol is that fewer spurious 
or unwanted mutations occur relative to other methods 
(Burke and Olson, 1986). An £coRI fragment of 
pre(Apro)apoA-II cDNA containing this unique Styl restric- 
tion site was subcloned into the £coRI site of pGEM2. Next, 
a Pstl site present in the polylinker of the pGEM2 vector was 
removed by digestion with Hindlll and AccI. The resulting 
/DNA overhang was filled in with DNA polymerase I, followed 
by ligation with T< DNA ligase. Mutants lacking the Pstl 
polylinker site were characterized by restriction enzyme 
analysis. A small DNA fragment was removed from one of 
chese mutants by digestion with Pstl and Styl, generating a 



1 The abbreviation used is: SDS, sodium dodecyl sulfate. 
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FiG^ 1. Schematic drawing of the in vitro expression vector. 
Human pre(Apro)apoA-II cDNA (which lacks a 15 base propeptide 
coding region (Folz and Gordon, 1986)) was subcloned into the £coRI 
site of the pGEM2 expression vector to generate pAII(APro). 
pAII(APro) is the parent plasmid used for all subsequent mutagenesis. 
Nucleotide sequence regions include: S, 5 '-nontranslated region; S," 
signal peptide (pre)coding segment; mature or processed apoA-II 
coding segment; U, 3'-nontranslated region; and @, pGEM2 poly- 
linker. The thin line represents pGEM2 plasmid sequence. RI, EcoRl; 
Amp, ampicillin resistance gene; T 7 and SP6, RNA polymerase pro- 
moter regions. 

gap of 24 bases (Fig. 2). Oligodeoxy nucleotides were synthe- 
sized- that contained approximately equal amounts of all 4 
bases at positions 1 and 2 of codon 20 as well as the adjacent 
codons (Fig. 2). The synthetic duplex DNA was Jigated into 

. the'24-base gap' and used to transform E. coli strain DH5, 
thereby generating- a library of substitution mutations at 

/codon*20. * .... .. .. • 

v We". isolated 30 random mutant colonies frpmi this' library 
and sequenced the inserts contained in their recombinant 
plasmid DNAs. Of the 30 mutants characterized in-this fash- 
ion; 27 contained only substitution mutations at positions 1 

. and 2 of codon 20, whereas three contained unusual or spu- 
rious DNA insertions or deletions located at or near the 
cassette site. From the 27 mutations which were characterized, 
weidentified all possible amino acid substitutions which could 
occur at codon 20 (Fig. 2), except those coding for Gly and 
Phe (Fig. 3). To generate a Gly- 0 mutant, we synthesized an 
oligodeoxynucleotide which specifically encodes Gly at codon 
20 and followed the same cassette mutagenesis procedure 
previously outlined. DNA sequence analysis of six potential 
Gly 20 mutants revealed that all six encoded Gly at this position 
(Fig. 3). We made no further attempts to identify a Phe 20 
mutant. 

In Vitro Co-translational Translocation Efficiency— Amino 
acid mutations, either in the signal peptide itself or in the 
mature protein domain, may affect the overall efficiency of 
co-transiational translocation and processing. If the mutation 
blocks any productive association of the precursor protein 
with the translocation apparatus and translocation does not 
occur, then by definition signal peptide cleavage of this mu- 
tant precursor is blocked because the precursor protein is 
never presented to signal peptidase. In order to examine the 
effects of these mutations on the efficiency of co-translational 
translocation/processing, an in vitro transcription/transla- 
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15 .... 20 .... 25 
Thr He Cys Ser Leu Glu Gly Gin Ala Lys Glu Pro Cys Val Glu 



E*CC ATC TCC AGC^CTL^AGQAJ^GCA. A^^G^AM^GTG.GAGT} 



PstI 

1 To create a unique Styl site: 
Anneal the 33mer oBgo to ssDNA and transform E. coli 
S'-GCCTTGAAGGACAGGCCAAGGAGCCATGTGTGG-a' 



Tacc 7TC. TCC AGC CTT GAA GGA cag gcc aag 



PstI 

1 Clone into pGEM2 

2. Delete PstI site In polylinker 

3. Digest with PstI + Styl 



Styl 



1 Anneal, tig ate, and transform with saturation 
mutagenic oligo duplex 



,,JS> GCCTTGA AGG AC AG^g^lL— 
S! - A CGT C G G A A C T TCC f.GTCjfijjS TTC *.?J 



[G3-T.CAG] 



2. Screen for mutations by dsDNA sequencing 
Thr lie Cys Ser Leu Glu Gly Gin Xxx Lys Glu Pro Cys Val Glu 



7^^(Tl(^lMCn GAA GGA CAGTnn^AAG GAG CCA TGT GTG GAG J 



where amino acid Xxx Is determined by codon EE© 
A G C T 



□ 



A 


Asn Ser Thr 


He 


G 


Asp Gly Ala 


Val 


C 


His Arg Pro 


Leu. 


t 


Tyr Cys Ser 


Phe 



0: 



Fig.; 2. Strategy for the construction of site-saturation mu- 
tants at codon 20 of human pre(Apr6)apoA-Ii. A 'silent Styl 
restriction site was constructed in a pre(Apro)apoA-II cDNA by 
oligodeoxynucleotide-directed mutagenesis (for details, see "Experi- 
mental Procedures"). The cDNA was subsequently cloned into the 
EcoKl site of pGEM2. After deleting the PstI site present in the 
pGEM2 polylinker, a DNA cassette was removed by Sryl and PstI 
digestion, resulting in a gap of 24 bases. Two complementary muta- 
; "genie 'oligodeoxynucleotides were synthesized such that positions 1 
; :and,2 of-codon 20 contained all 4 bases. This'; duplex oligodeoxynu- 
x.cleotide was ligated into the vector, followed by- transformation into 
l-E^coli strain DH5 to generate a library containing 14 possible 
'[ mutations at codon 20. Double -stranded DNA^ sequencing was per- 
formed to identify various mutants present in this library. All the 
^possible amino acid substitution mutations shown in the box were 
- isolated and characterized, except for Gly and Phe. The construction 
■ of a Gly 20 . mutant was accomplished by the synthesis of a specific 
• oligpdeoxynucleotide (see "Experimental Procedures").;The number- 
ing starts. with the initiator methionine of pre(Apro)apoA-II. 



tiori/microsomal membrane processing system was employed 
(Folz arid Gordon, 1986). T 7 RNA polymerase was used to 
generate homogeneous mRNA preparations encoding each of 
' the 14 pre(Apro)apoA-II mutants as well as wild-type 
preproapoA-II. These 15 mRNAs were translated in parallel 
reticulocyte lysate cell-free systems containing [^S] methio- 
nine and translocation-competent canine pancreatic micro- 
somes. At 30, 60, and 90 min after initiation of translation, 
an aliquot from each cell-free reaction mixture was removed, 
and apoA-II was immunopurified and subjected to electropho- 
resis through 15% polyacrylamide gels containing 0.1% SDS 
(Laemmli, 1970). The processed and unprocessed apoA-II 
protein species were quantitated by laser densitometric scan- 
ning of autoradiography of the slab gel. The percent processing 
was calculated for each precursor protein after correcting for 
the loss of the initiator methionine present in the signal 
peptide (see "Experimental Procedures"). Fig. 4 shows typical 
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Fig. 3. Characterization of 14 pre(Apro)apoA-II site-satu- 
ration mutants at codon 20 by DNA nucleotide sequence 
analysis. The plasmid DNAs corresponding to each mutant shown 
were alkali-denatured, and the DNA sequence was determine^ using 
a T T promoter primer {5 ' -TATAGTG AGTCGTATT A-3 ' ) , DNA po- 
lymerase I (Klenow fragment), and the dideoxy chain termination 
method. Only relevant segments of the autoradiogram for each DNA 
sequence are shown. The deduced nucleotide sequences at the side of 
each gel represent (from the bottom to the top) nucleotides 1-3 of 
codon 20. 



results obtained for wild-type preproapoA-II and four 
preUpro)apoA-II mutants; Ala 20 , Pro 20 , Tyr 20 , and Arg 20 . 
Wild-type preproapoA-II was the most efficiently processed 
precursor protein for all time points analyzed (Fig. 4 and data 
not shown). These four mutants were chosen because they 
are representative of the three groups of kinetic processing 
into which all 14 pre(^pro )apoA-II mutants could be classified 
(see Table I). Group I included those mutants which had the 
lowest percent processing at the 30-min time point relative to 
preproapoA-II. Members included Cys 20 , Ser 20 , Thr 20 , Asn' 20 , 
Asp 20 , He 20 , and Tyr 20 preUpro)apoA-II. Group III (Ala 20 , 
Pro 20 , and Val 20 ) had the highest percent processing at 30 
min, whereas Group II (Gly 20 , His 20 , Arg 20 , and Leu 20 ) exhib- 
ited percent processing values that were intermediate between 
Groups I and III. As shown in Fig. 4, the percent processing 
values were highly dependent on the length of the incubation 
with the rate of processing increasing with time. Interestingly, 
Ala 20 is the only precursor mutation which shows no signifi- 
cant change in the rate of processing between 30 and 90 min. 

Identification of the Site of Signal Peptidase Processing— 
As noted above, deletion of the propeptide from human 
preproapoA-II redirects signal peptide cleavage to a unique 
site two amino acids into the mature protein domain (after 
Ala 201 ) even though the 18-araino acid-long signal peptide was 
left completely intact. Thus, in this sequence context, cleavage 
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S Tel electrophoresis, followed by autoradiography. Bands cor 
Zoning o processed and unprocessed proteins ; were quanUta ed 
bv laser densitometry for each time point .nd. « ted - an f , he g ^ "f" 
processing was calculated (see "Experimental Procedures ) and plot 
ted as shown in B. 

after Ala 20 ' must be favored over cleavage after the wild-type 
Sto (Glv"»). To determine if these two sites may compete for 
s iirpeptidase cleavage in different sequence contexts we 
Smtified the site of signal peptidase cleavage for all 14 
preCo)apoA-H mutants by automated sequential Edman 
EadS. Fig. 5 illustrates potential sites of signal pep U- 

cUavage fcr the 14 P^^^^jK^ 
Inspection of the amino acid sequences indicates that if cleav 
age occurs after Xaa*», peaks of radioactivity shouc^ .occur at 
Seles 5, 9, 16, and 27 for a ['Hyaline-labeled Pjotem and 
cycle 24 for a rS]methionine-labeled polypeptide . If signa 
peptidase cleavage occurs after Gly 18 ', peaks of [ H]valme 
would be expected at cycles 7, 11, and 18 and la .eye le 26 ^for 
the rS]methionine-labeled protein. These 
radioactive peaks can be clearly distinguished from ^ peaks 
.rising from the unprocessed P^V^iTand 25 ^ 
which should yield ( 3 H]valine peaks at cycles 8 and 25 and 
[ M S]methionine at cycle 1. 



mr mUt Uulw Ata Ala Tht VallwUu IwTHf n. Cy* slA*. Su Oy'an X.AjJOiP'oCyjVJI... 

mr lyt (3u Pro Cy> Val . . . 

t i 
».,.anXx»H(iiail>toCyiV»l... 

»,,.UoGluOlyClnXii ijsGtoPioCyi va... 

FJC. 5. Potential signal peptidase cleavage sites in huinan 
D re£ P ro)apoA-n. The three most likely sites of predicted s gnal 
Lotidase cleavage are indicated by the arrows (see Table I for a 
SESn of the method for predicting the site of s.gnal pep idase 
cSe). Xxx represents each of the 14 different am.no ac.d subst,- 
tutions found at codon 20. 



With these possibilities in mind, in vitro transcribed 
mRNAs encoding all 14 pre(Apro)apoA-II mutants were each 
Sanslated in reticulocyte lysate cell-free translation sys terns 
containing translocation-competent canine pancreatic micro- 
somal membranes and [^methionine or ( 3 H]vahne. Immu- 
noTeactive processed and unprocessed apoA-II protein species 
were further purified by polyacrylamide gel electrophoresis 
7see "Experimental Procedures"). Fig 6 displays representa- 
tive NrMerminal sequencing data obtained for each of the 
14 mutants. For example, in Fig. 6A, the dominant peaks of 
[Valine which occurred at cycles' 5, 9, 16, and 27 and the 
ingle 3S S]methionine peak at tycle'24 could only have arisen 
signal peptidase cleavage ocdur^aftfer Cys*» Minor peak 
at cSs 11 and 18 (not indicated .in.Eig. 6). which represent 
<5% of the total processed protein- radioactivity sugges : ha 
less than 5% of signal peptidase cleavage 
in this Cys 20 mutant. In Fig. 6B, dominant peaks of [ HJvaline 
£ cycles 2, 7, 11, and 18 and a ["S] methionine peak at eye e 
?6 demon trkce that signal peptidase, cleav age occurs only 
after Gly 181 in the mutant which has ajvahne at position 20 
No other peaks of radioactivity .corresponding to processed 
ptotT^ld be detected, sufegesting^t^this sequent 
context, signal peptidase cleavage ^.r.Val not ve > 
favorable (relative to cleavage after.GlyA ")J*W Val 
mutant substitutes a valine for alanine-at codon 20and s nee 
PHlvaline is used to label the ir*mtr*trans ation p oduet. 
peaks of radioactivity due sp>cific*^ £ 
opposed to the other 13) occurrat cycles^ a nd 0 fo r he 
pressed and unprocessed P^'*^^^** 
mutant, signal peptidase cleavage occurs after bo h Gly and 
Sly*" (Fig 60 In this particular example;- we £^^5 
53% of the signal peptidase cleavage occurredafter G\y and 
47% after Glv 131 . The data shown «in Fig. 6D for the Leu 
mu an provides some evidence .for ^^^^ 
after Ser'" «5%, see Fig. 5), although .the majority of cleav a 
occurs after Gly 181 . There was no evidence for sign, 

"tlZZ?* tt c£ge dat, obUined for aU 14 

SiSt a -^.rj^t^KSS P- 

was derived from an analysis of 161 known euiw** £ 
proteins. The site with the hig hest ^score (see TJUj 
I) is the site of predicted signal peptidase. cleavage. We appu 
his set of rules to each of the 14 P re(A pr°)ap°A-II mutant. 
Comparison of the predicted versus ^"Z^£$$T*- 
peptide cleavage demonstrates some J^SST^U 
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but the data presented here, as well as elsewhere (Weisman 
et al. t 1936; Pluckthun and Knowles, 1987), clearly indicate 
that a signal peptide may contain a proline at position —1 
and still be a substrate for cleavage. Cleavage after Cys Mi was 
also not predicted to occur. Algorithms that compute the 
likelihood for preprotein processing at various sites are not 
able to distinguish whether processing occurs at a unique 
versus multiple positions (von Heijne, 1983, 1986). Therefore, 
they did not predict that the Cys 20 , Gly 20 , Ser 20 , Thr 20 , Pro 20 , 
He 20 , or Leu 20 mutants would be cleaved at two sites. 

DISCUSSION 

We have performed site-saturation mutagenesis at position 
-1 of a model preprotein: pre(Apro)apoA-II. The results 
indicate that altering the physical-chemical properties of res- 
idues located at this position in this sequence context has 
profound effects on signal peptidase cleavage specificity, with 
selection occurring at one or two sites for a given mutant. 

Signal peptides probably perform multiple roles in protein 
export (Stader et a/., 1986). Kaiser et al. (1987) have shown 
that 20% of random polypeptide sequences can functionally 
replace the signal peptide of yeast preinvertase, suggesting 
that signal peptides are recognized by the export machinery 
through a mechanism that apparently has low specificity. 
Weisman et al. (1986) have indicated that the signal peptide 
of prelysozyme c can sustain one out of three randomly placed 
substitution mutations without loss of function. Despite these 
observations and despite the fact that there are no obvious 
consensus or canonical sequences for signal peptidase proc- 
essing (Watson, 1984), examples of signal peptidase cleavage 
occurring at alternative or multiple sites that are different 
from the wild-type site are rare. In addition to pre(Apro)apoA- 
II, we are aware of only five other examples of eukaryotic 
signal peptidase cleavage at a site other than the wild-type 
site. A naturally occurring example of "ambiguous" cleavage 
is found with bovine pregrowth hormone, where 65% of the 
cleavage occurs after an Ala residue ( Ala l -Gly) and 35% takes 
place after an adjacent Gly (Ala-Gly 1 ) (Lingappa et al, 1977). 
Hortin and Boime (1981) noted that incorporation of a thre- 
onine analog, £-hydroxynorvaline, into preprolactin synthe- 
sized bv pituitary cells resulted in partial (-50%) redirection 
of signal peptide cleavage from the Thr located at position -1 
to an Asri located three amino acids upstream (Asn l -Val-Gln- 
ThrO- They felt that this reflected steric constraints at the 
normal processing site imposed by the analog. Schauer et al. 
(1985) isolated a mutant (SUC2-sl) which contains an Ala to 
Val substitution at position -1 of the signal peptide of yeast 
preinvertase. Analysis of this mutant precursor protein dem- 
onstrated that the site of signal peptide cleavage had shrfted 
one amino acid downstream of the wild-type site, occurring 
after an adjacent Ser (Val-Ser 1 ). Weisman et al (1986) pre- 
sented evidence which suggests that a mutation at position 



10 20 
CYCLE NUMBER 

FlC. 6. NH 2 -terminal protein sequence analysis of in vitro 
co-translationally cleaved pre(Apro)apoA-II mutants. In vitro 
transcribed mRNAs encoding the preUpro)apoA-II mutants were 
translated in separate reticulocyte lysate cell-free translation reaction 
mixtures supplemented with canine pancreatic microsomal mem- 
branes and [^methionine or [ 3 H]vaIine. Immunoreactive. radiola- 



beled apoA-II polypeptides were electrophoresed through ^la po > - 
acrvlamide tube gels containing SDS (0 1%). Specific bands ; of radio- 
activity corresponding to processed [-^methionine or [ HJvai 
protein products were eluted, pooled, and subjected to automated 
sequential Edman degradation. In A, 60,000 dpm of [ HJvahne- and 
60,000 dpm of [ 35 S]methionine-labeled Cys M apoA-II were sequenced. 
In B, 80,000 dpm of [ 3 H]valine- and 60,000 dpm of [ S]methionine- 
labeled Val* apoA-II were sequenced. In C, %600dpm of H] valine- 
and 40,200 dpm of [*S]methionine-labeled Gly* » apoA-II were se- 
quenced. In D, 80,000 dpm of [ a H]vaIine- and 80,000 dpm of ( b] 
methionine-labeled Leu 20 apoA-II were sequenced. Peaks of radioac- 
tivity marked with a solid arrow demonstrate cleavage after Xaa . 
Dashed arrows indicate cleavage after Gly*. The soUd ar^ead 
marks a peak of radioactivity consistent with cleavage after Ser > 
An asterisk corresponds to peaks of radioactivity due to unprocessed 
precursor protein. 
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Table I 

Human pre(&pro)apoA-H mutant phenotypes 



Mutation* 



Ala 20 

Cys 20 

Gly 20 

Ser 20 

Thr 20 

Pro 20 

Asn 20 

His 20 

Arg 20 

Asp 20 

He 20 

Leu 20 

Tyr 20 

Val 20 



Cleavage after* 


Ser"i 


Gly l5 i 


Xaa tt i 




% 




0 


0 


1UU 


0 




>95 


0 


47 


53 


0 


74 


26 


0 


74 


26 


0 


92-95 


5-8' 


0 


100 


0 


0 


100 


0 


0 


100 


0 


0 


100 


0 


<5 


>95 


0 


<5 


>95 


0 


0 


100 


0 


0 


100 


0 



Predicted aite of cleavage' 



Ser 1 *! 



Gly^i 



Xaa*°i 



Processing efficiency 
(% of control at 30 min) rf 



1 
i 
1 
1 
1 
1 
1 
i 

I 
I 



I 
I 



+++ (51) 
+ (<5) 
++ (32) 
+ (<5) 
+ (<5) 
+++ (37) 



(<5) 
(28) 
(20) 
(<5) 
(<5) 
(ID 
(<5) 
+++ (47) 



+ 

++ 
++ 
+ 
+ 

++ 
+ 



the three-letter amino acid code for that P^^^SLj.,. an d I'Hlvaline-labeled processed proteins and 
» Based on NH,-termina .sequencing o : the [ S]me h>on.n and I H ] ah j?^ ^ g) _ 



» Based on NH,-term.na o« w. ^"^^'S^ d ^ datlon (se e texi and Fig. 6) 
taking into account ajepet.Uve yield of 95% ^ ea ^' e ^ n Heijne {1 | 86) . A statistiea i weight-matrix approach 
' Predictions were based upon a set of rules <« scr > De ? °J »° n ™« ' nt al sites of c i ea vage. The predicted site 
W as used to calculate processing P«>b-bU.ty v.l* «or . S-v al» es or all ^£»A c | mpute P pr0 gr a m for 

of signal peptidase f^^SJ^^ descr ^bed^lnothe" eport (Folz and Gordon. 1987). It is 
calculating- S-values (SIGSEQ2) has ■ Piously oeen De n t idase cleavage which does not use a 



calculating S-values (SIGSEQ2 ^ Prev.ous.y « -» "^^^^ictoav^ which does not use a 
'^^^^^^^^^^ £ r M a »! ^ USUd ab ° Ve ' ^ ^ 

into three groups based on their processing effkienc es^ ^ »£^«£J > Q CW J X for differe nces between 
with the lowest processing efficiency (+), and those ^™ J""^? 1 ' rocessin g e fficiencv of preproapoA- 
experiments.the processing ^^^£^ g "^^£ A.aCuUnt^as 51% of that observed 

35 ^SfSr e ^ 



-2 of the Ring-necked pheasant prelysozyme c signal peptide 
which substitutes a' Pro for a Leu" 5 shifts the site of signal 
peptide cleavage from Gly- (Leu-Gly') to the adjacent Pro 
(Pro'-Gly). A bacterial hybrid preprotein (see Introduction) 
was recently shown to be cleaved by eukaryotic signal pepti- 
dase at two positions (Ser-Ser'-Asn-Ala'), with cleavage after 
Ser 1 preferred (Garcia et at, 1987). 

Based on the limited number of examples of alternative/ 
multiple co-translational cleavages, one can argue that cleav- 
age by signal peptidase must be highly specific. What then 
are the features of a preprotein which define the site of signal 
peptide cleavage; or, to put it another way, what is the 
substrate specificity of eukaryotic signal peptidase? We dem- 
onstrate here that amino acids which occupy position -1 m 
the signal peptide of pre(Apro)apoA-II are critical in defining 
a good context for signal peptidase cleavage. For example, 
replacement of Ala 20 with Cys 20 results in >95% cleavage after 
Cys 201 and less than 5% cleavage after Gly 1 " 1 . Replacement of 
Ma 20 with Gly, Thr, Ser, or Pro results in cleavage after both 
Caa 201 and Gly' 8 '. Replacement of Ala 20 with any of the 
charged (Asp 20 , His 20 , Arg 20 ), large hydrophobic (Leu , He , 
VaP) or aromatic (Tyr 20 ) amino acids precludes cleavage 
after Xaa 201 and results in cleavage after Gly 181 . Evidence is 
also presented which suggests that cleavage can occur at ^a 
third position, Ser 15 ', in certain sequence contexts (Leu- , 
He 20 ), albeit at low efficiency (<5%). What do these results 
tell us about the role of position -1 in defining a good site for 



signal peptidase cleavage? Fig. 7 attempts to correlate cleav., , 
age after Xaa 201 with two physical-chemical properties of the., 
amino acid side chains for each pre(Apro)apoA-II mutant^ 
their polarity and accessible surface area. From this anatysis, . 
we concluded that for any given polarity {e.g. Cys, Thr, fro), 
the larger the accessible surface area of the side chain, the 
worse the substrate for signal peptidase cleavage. Also, tor 
any given accessible surface area (e.g. Ala, Ser), the mors, 
polar the amino acid, the worse the substrate. Other physica- 
chemical characteristics including «-helix, 0-strand, ana - 
turn propensities, various hydrophobic^ scales, pi, and bus- 
iness were analyzed but no general conclusions could be maae 
regarding the relationship between these indexes and cleavage 

site selection. „ mn t\c 
Our studies show the following preference of eukanwuc 
signal peptidase for cleavage after residue 20 (Xaa ) oi 
P reUpro)apoA-II: Ala, Cys > Gly > Ser, Thr > Pro > A n 
Val, He, Leu, Tyr, His, Arg, Asp. No cleavage occurred after 
amino acids in the last group. From this study, it is no t cie. 
whether cleavage following these amino acids ™P™ hlb * e °l 
simply much less efficient compared to the Gly 1 
possible method of differentiating among ammo acids in tn 
group would be to change the sequence of pre(Apro)apoA 
by substitution mutagenesis at positions other than -i 
to suppress cleavage after Gly 181 . ... 

The results obtained with the Gly 20 mutant further Ulus 
trate a dilemma concerning the interpretation of these aa . 
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Fig. 7. Relationship between the physical-chemical prop- 
erties of the 14 amino acids at residue 20 of pre(Apro)apoA- 
II and cleavage at this site. The height of each column represents 
the percent cleavage occurring after Xaa 201 . The accessible surface 
area (Lee and Richards, 1971) of an amino acid side chain in the 
tripeptide Gly-R-GIy was determined by calculating the sum of the 
area on the surface of each atom present in the side chain of residue 
R, on each point of which the center of a solvent molecule (H 2 0) can 
be placed in contact with this atom without penetrating any other 
atoms of the molecule (Chothia, 1976). The polarity index (which 
includes components of the dipole moment of the side chain and as 
well as any part' due to the charge on an ionized group) attempts to 
relate the electric force due to the side chain acting on its immediate 
surroundings (Zimmerman et al t 1968). 

For example, does approximately equal cleavage after Gly 1 * 1 . 
and Gly 201 indicate that both sites are equally desirable (in- - 
dependent of other factors) or that for this construct the 
distance between the COOH-terminal residue of the hydro- 
phobic core and the site of cleavage does not influence proc- 
essing? It has been shown that a site-directed substitution 
mutation in bacterial prepenicillinase results in two distinct 
sites of cleavage. However, processing at these two sites occurs 
at different rates (Hayashi et al. t 1984). In this report,, the 
processed proteins used for NH 2 -terminal protein sequence 
analysis were all isolated after 90-min incubations. It is jpos- 
sible that a different ratio of cleavage after residues 18*and 
20 would be observed with shorter incubations; although^ ; in„ 
some cases, generation of these data could be difficult jjiy en, 
the overall efficiency of processing at early time points/. - , 
How does our grouping of amino acids at position —1 of the 
model preprotein reflect that found in a comparable, position 
of naturally occurring preproteins? von Heijne (1986) ana- 
lyzed 161 known eukaryotic preprotein sequences and tabu- 
lated the frequency of occurrence for all 20 amino acids for 
every position from -12 to +2. If one assumes that evolution 
optimizes biological processes (e.g. signal peptide cleavage), 
then one natural measure of eukaryotic substrate specificity 
is the frequency at which particular amino acids are feprer 
sen ted at position -1. By assigning statistical weights for a 
given amino acid at a given position that are based on such 
frequency analysis, von Heijne (1986) was able to generate a 
quantitative measure for predicting the most likely site of 
signal peptidase cleavage for any preprotein sequence. Our 
ranking of the best substrates at position -1 of pre- 
(Apro)apoA-II is almost in agreement with the statistical 
weights von Heijne (1986) assigns each amino acid with two 
significant exceptions. First, Cys is given a weight about equal 
to that of Ser, whereas the data presented here suggest that 
Cys should be given a similar weight to Ala. Second, Thr is 
assigned a weight about one-third that of Ser, whereas the 
data presented above suggest Thr should be assigned the same 
weight as Ser. However, there may be reasons why Cys and 
Thr are under-represented in the preprotein data base at 
position -1, independent of the substrate specificity of signal 
peptidase. For example, Cys can form disulfide bonds which 



stabilize protein structure, and this may be deleterious to 
protein translocation (Maher and Singer, 1986). Alterna- 
tively, we demonstrated that the kinetics of processing of the 
Cys 20 pre( Apro)apoA-II mutant was much slower than that of 
the Ala 20 pre(Apro)apoA-II mutant, suggesting that signal 
peptidase may have the same specificity for Cys as Ala, but 
the rate of cleavage is reduced. Selection pressure would thus 
tend to reduce the frequency of occurrence of Cys at position 
-1 independent of its substrate specificity. Obviously, if an 
amino acid such as Cys is under-represented in yon Heijne's 
data base, application of his rules for predicting signal peptide 
cleavage sites would in turn underestimate the potential for 
cleavage after this residue in model mutant preproteins. One 
way of further evaluating the relative specificity of signal 
peptidase for cleavage after these 2 residues would be to 
replace Ala in other preproteins with Cys to determine if they 
are functionally interchangeable. 

In summary, the observation that deleting the propeptide 
in preproapoA-II redirects signal peptide cleavage has pro- 
vided an interesting and novel model system for systemati- 
cally studying structural features important in defining the 
site of signal peptide cleavage. We hope that several of the 
mutants described in this report (e.g. those with bidirected 
cleavage) will allow us to probe other features that may further 
contribute to a favorable context for signal peptidase cleavage. 
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The amino acids corresponding to the cleavage site of a hybrid preprotein containing a chicken §^^«£^ 
mature oortion of human lysozyme were altered. The processing of mutant signals of -3Pro and -3Asp/-lAla decreasea 
TemS^ was 75% of that of the native signal. The major cleavage s,te of -3Pro was the same 

sTh^ 

s^e than the o^nafsite. The cleavage of the -2Pro signal, which was identical to the natrve processing of pheasant 
prelysozyme. suggested that the signal peptidases in yeast and bird are similar. • -~ - : - 

Signal peptidase; Yeast; Cleavage site; Lysozyme signal; (Chicken) > * - ^ 



1. INTRODUCTION 

The signal peptide is composed of three struc- 
turally and functionally distinct regions: a basic N- 
termihal region, a central hydrophobic region, and 
a more polar C-terminal region defining the 
cleavage site. To confirm the cleavage specificity in 
yeast signal peptidase, we have engineered the 
cleavage site of a hybrid preprotein consisting of a 
CLY signal and a mature HLY, because the CLY 
signal contains common features described above 
and is functional (forms a correctly processed 
mature HLY) in yeast [1]. 

Von Heijne proposed the (-3,-1) rules ac- 
cording to the statistical studies on signal se : 
quences [2,3]; the residue at position - 1 must be 
small and the residue at position - 3 must not be 
aromatic, charged, or large and polar, and proline 
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must be absent from positions - 3 to-+ 1-with- 
some exceptions. In this paper we describe the cor- 
relation between the processing efficiency and the 
(-3,-1) rules, and the shifts in the cleayage.site 
of some mutant signals in yeast, -^v^'f^r ^ t 

2. MATERIALS AND METHODS^;; 

2.1. Materials * ;• r^&uzr-zfM '-' f 
Restriction enzymes and T4 ligase were^purcha^ lrom : 

Toyobo or Takara Shuzo and used under' the ^cb'nditions as 
recommended by the suppliers. Micrococcus lysodeikticiisce&s 
and authentic HLY were obtained from Sigma: 'Saccharomyces 
cerevisiae KK4 (a leu2 ura3 hislor3 trpl gal80)?]4\ was used as 
the host strain. Synthetic media [5], supplemented -With an 
amino acid mixture (20-375 /ig/ ml) lacking leucine and with 
adenine sulfate (20 /ig/ml) and uracil (20 /tg/ml) [1] in addition 
to 2% glucose, were used to cultivate 5. cerevisiae. - ' - 

2.2. DNAs 

The cassette mutagenesis methods 16] were used to construct 
a series of pFJ300 plasmids by replacing a part of the original 
DNA segments with double-stranded DNA oligomers which 
contain mutations at the residues in positions - 1 and/or -3. 
The site-directed mutagenesis [7] was also performed to con- 
struct a series of pNJ300 plasmids by using the Amersham 
system. The multi-copy plasmid used to express HLY in yeast 
was the same as described in [1] except that the GAL10 pro- 
moter was replaced with the cloned ENOI promoter [8]. 
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2.3. Assay of processing efficiency 

The efficiency of signal peptidase to cleave preHLY was 
evaluated ather by the initial decrease in preHLY labeled with 

HLyTSSTyi" Y ^V** ° f matUre HLY/fmature 
HLY + preHLY) measured by Western blotting. The lysozyme 

? w medi r was ^ by monitori »8 * S ° 

M. lysodeikticus cells at 450 nm. 



2.4. N-terminal sequence 

Secreted HLYs obtained from 2.5 1 cultures were purified as 
descnbed m JIJ and were applied to an automatic JrotS„ se 

ST ^ A , PP ' ied »W* aa'sequences 
of the 5 N-terminal residues were quantitatively analysed by 

SS^f 6 ?° UntS of P^'^ohydantoin amino acSs to 
determme the cleavage sites of mutant signals. 

3. RESULTS 

3.1. Secretion of HLY 

The native CLY signal contains 18 aas like a 
yeast melibiase signal [9]. We replaced (i) Gly at 
position - 1 with a larger aa (Ala, Ser, Thr or Val), 
(ii) Ala at position - 3 with a rare locating aa (Val 
Asp or Pro), (iii) Leu at position -2 with the B- 
turn forming aa (Pro). The effects of signal, muta- 
tion on HLY secretion are summarized in table 1 
The amounts of secreted HLY were almost the 
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same in mutant signals containing -3Val and 
were about half in mutant signals containing 
-lAla -iser, -3Val/-iAl a> and -2Pro, as 
those in the native signal. No lysozyme activity was 
detected m the other mutant signals without anv 
concentrations of media under the assay con 



3.2. Processing of mutant preHLY 

To evaluate the efficiency of preHLY process- 
ing, the conversion of preHLY containing muta- 
tions at position - 1 to mature HLY was examined 

mL, 1 T" n ? precipitation - The am °unt of 
[ SJmethionirie labeled preHLY decreased durine 
the chase period in native and mutant signals 
while that of mature HLY also decreased after a 
slight increase (fig.lA). As the processing was 
thought to be reflected better in the decrease of 
preHLY than in the increase of mature HLY the 
decay curves of the mutant preHLYs were com- 
pared. It was found that the initial decreasing rate 
of preHLY decreased with the increase in the 
bulkiness of the aa at position - 1 (fig. IB). 
The correlation of the decay of preHLY 



"~ Table 1 

?;f^ ° f mutam signal Peptides on HLY secretion 



Class* 



Plasnud*" 



WT 
I 



III 



IV 



pFji053 64 

"pNj : 301X-7lA) " 31 

pNJ302-( - is) .T ' 26 

P.FJ3.42:(-IT);.., 0 

pFJ33b : (-.;i ; y) o 

pFI33-sWv).:. : -- 62 

pFJ37,U^3V/-.lA), 31 

pFJ327 (--3V/-,lV);: o 

vmvt^i/ : $\t>i' : /' o 

pNJ303 (i-lD) o 

pFJ340(-i-3b/- ! lA) ' 0 

pNJ365 (-2P) 26 

pNJ304 (-3P) o 



HLY activity" Relative Processing' Relative 
(units/ml) ratio (M/M + P,y»)- ratio 



1.00 


* 68 


1.00 < 


0.48 


68 


0.85 ; 


0.41 


63 


0.79 


0 


. 41 


0.51 


0 


31 


0.39 


0.97 


78 


0.98 


0.48 


78 


0.98' . 


0 


17 


0.21 . 


0 


26 


0.33 ■ 


0 


6 


0.08 : 


0 


36 


0.45 


0.41 


60 


0.75 


0 


27 


0.34 



. , ijyc prcriL i , i, - i mutants containing a different size of n * a / 
HI. - 3 and/or - 1 mutants containing a charged aa- V - 2 T , ' ♦ 9 " and/0r " 1 mUtantS containin « a b ^ 
as capital letters * ' * 2 0r " 3 mutant containing a £-turn forming aa. aa are given 

4 o™^^ measured by adding 0. 1 m, of culture supernatant after 4 days 

e assay condition, the specific activity o t au tnenTc HLY - (^Z °™ P« min at 25'C. In this 

' Determined by densitometric scanmng o ^e autoradioi;^ ^ hUmaD mUk ' Sigma > was 130000 units/m * 
HLY/(mature HLY + preHL^ "utoradmgram from the Western blot gel and expressed as a percent of mature 
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5^ 10 '15 

TIME (min)' . 

<60„Ci) for 10 min. ImmedSe ^iSKte c^^ST^^ Zym ° lyaSe 1 " bded * f^l-ethionine 
added. Aliquots were taken at various S^1^2^SSlrSS^T?? ,,,,e W V" M> ^ 50 ^ «***- ta * «« 

0fth e P re H T^ (P) ^r= 

WT; (O) - lAla; (■) - ISer; (□) - lVal. 



measured by the pulse chase method to the amount 
of mature HLY was also confirmed by measuring 
the amounts of mature HLY (M) and preHLY (P) 
in the exponentially grown cells from Western 
Wots (not shown). The processing efficiency (the 
ratio of M/M + P) is summarized in table 1. The 
efficiency is remarkably low (6-41%) in the mu- 
tant signals which contain a statistically prohibited 
or a rare locating aa at position - 1 or - 3, and it 
is relatively high (75%) in the -2Pro mutant. 



Fig.2. The signal cleavage sites in various preproteins. Amino 
acids are shown as capital letters and the positions of replaced 
amino acids are shown by asterisks. The cleavage sites and the 
ratios of each cleavage are shown by arrows and percentages, 
Respectively. WT, wild type preHLY containing a native CLY 
%»al; -3P, -3Pro mutant; -2P, -2Pro mutant; 
-3D/-1A, - 3 Asp/ -1 Ala mutant; PLY, pheasant 
Prelysozyme; SUC2, yeast preinvertase; SUC2 (- IV), mutant 
preinvertase containing Val at position - 1 . 



W T 
-3P 
-2P 

-3D/-1A 
PLY 



MRSLLI 

L V L C F L 100 % 

-6 -3 -1 1+1 +2 

PLAALG KV 

100% 

P LA PLG*KV 

88%12% 

P L A A P*G 1 K V 

70%30% 
* I * 

P L A D LA 



P L A A P*G 



SUC2 



A A K I S A 



SUC2 A A K I S V 
(-1V) 



K V 
K V 



S M 
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3.3. Cleavage site determination 

such y,L^° Ce ?, Sed fr ° m the preHLYs containing 
such statically prohibited signals as -3Pro 

fi™2 > " 3ASp/ ~ 1AJa ' were P urif >^ to con: 

toThat of thfT SUCS - The Unique site *«£l 
o that of the native s,gnal was found in the - 3Pro 

^taSTS 1 h . e accept r of Pro at P0S ^ n 

- lire Hc ' e A rol ° gous cleav ages were found in 
2Pro and -3Asp/-lAla signals (fig 2) The 

S? - SSTi? of th V 2Pri fsignaS <$> 2 

we 3Asp/-2Ala signal (70%) was shifted one 
aa closer to the N-terminal side than that of tL 
native SIg nal, although the minor site (12-30%) 
was. identical to that of the native signal 1 

4. DISCUSSION 

fom! T' " !? e main Cleava * e site w «e 
tound in -2Pro and -3Asp/-lAla sienak 

-Tl S n/ ( ,f, A8/I f ° r " 2Pr ° and 1/7 ^ f or 
m i f, S / - a muta «ts). The - 3Pro signal com- 
manded a poor secretion of HLY (8.8/ig/l) but 
was processed at the same site as the native signal 
The computer program, SIGSEQ2 [11], based on 
a statistic weight-matrix method [12], was applied 
for the mutant signals to evaluate the most 
probable site of cleavage. The actual major site of 

ST!? 8 !- ? ~ 2Pr ° " ,d -^-^a signals 
has the highest processing probability, but that for 
the -3P ro signal had the third highest score (not 
shown), suggesting that this method is insufficient 
to predict the processing site of the statistically rate 
aa sequences. 

The cleavage site of the -2Pro mutant was 
identical to that of pheasant prelysozyme, which 
contains the same signal sequence as the -2Pro 
signal [13]. This suggests that the signal peptidase 
is similar in yeast and bird and prefers 
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Lr/^ a /," 1Pr ° Sequence t0 ^ native 
-3Ala/-lGly sequence. The -SAspZ-jA, 

mutant containing a negatively charged aa at Po ? 
tion -3 resembles (with respect to the poor ° 0 
cessing and the shift in the cleavage site m? 
although the sites of cleavage are different (fig j 
the yeast mutant preinvertase containing a buik 
aa (Val) at position - 1 instead of the native Ala 
It is probable that the signal peptidase is able to 
choose a suitable cleavage site when the origin al se 
quence is not fit to cleave. 

Acknowledgement: We are grateful to Or Rodney J Folz f« 

ESX? computet program ' S1GSE< * -iS£ 
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Summary 

To investigate structural characteristics important for 
eukaryotic signal peptide function in vivo, a hybrid 
gene with interchangeable signal peptides was cloned 
into yeast. The hybrid gene encoded nine residues 
from the amino terminus of the major Escherichia co// 
lipoprotein, attached to the amino terminus of the 
entire mature E. co// 0-lactamase sequence. To this 
sequence were attached sequences encoding the non- 
mutant E. co// lipoprotein signal peptide, or lipoprotein 
signal peptide mutants lacking an amino-terminal 
cationic charge, with shortened hydrophobic core, 
with altered potential helicity, or with an altered signal- 
peptide cleavage site. These signai-peptide mutants 
exhibited altered processing and secretion in E. co//. 
Using the GAL10 promoter, production of all hybrid 
proteins was induced to constitute 4-5% of the total 
yeast protein. Hybrid proteins with mutant signal pep- 
tides that show altered processing and secretion in 
E. co//, were processed and translocated to a similar 
degree as the non-mutant hybrid protein in yeast 
(approximately 36% of the total hybrid protein). Both 
non-mutant and mutant signal peptides appeared to 
be removed at the same unique site between cysteine 
21 and serine 22, one residue from the E. co// signal 
peptidase II processing site. The mature iipo-0-lac- 
tamase was translocated across the cytoplasmic 
membrane into the yeast periplasm. Thus the protein 
secretion apparatus in yeast recognizes the lipopro- 
tein signal sequence in vivo but displays a specificity 
towards altered signal sequences which differs from 
that of E. co//. 

Introduction 

Protein translocation systems in eukaryotic and 
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prokaryotic cells share a number of common features. 
Both require the signal peptide, an amino acid extension 
attached to the amino terminus of the protein destined for 
translocation. Analysis of the sequences of known signal 
peptides (Watson, 1984) show that the peptides from both 
systems, while different in amino acid sequence, share 
similar structural characteristics. The amino terminus of 
the signal peptide frequently contains several positively 
charged amino acids. This is followed by a 1 4-20 amino 
acid hydrophobic domain. Together, these residues are 
proposed to form a hydrophobic loop in the membrane 
(Inouye and Halegoua, 1980). 

Amino acids immediately adjacent to the site of cleavage 
of the 'signal peptide constitute a third domain of this 
sequence. The relative importance of these structural 
domains hasbeen tested in bacteria using a large number 
of defined signai-peptide mutants. The major E. coli lipo- 
protein signal sequence, which is required for secretion 
of lipoprotein, has been thoroughly analysed in this way 
(Pollitt and Inouye", 1986). In eukaryotes, the same 
approach has been limited by the small number of such 
defined mutant signal peptides isolated. 

.Ih ordier'tq allow a comparative analysis of eukaryotic 
andiprft^^ systems, we have expressed a 

prok^ryotic-protein with exchangeable signal peptides in 
yeasi:^ |^yious reports from this laboratory have dealt 
with : ;ih^e^pressi in E. coli of a protein containing the 
majbr^lipoprdtein signal sequence plus nine amino acids 
attached to-the-mature portion of p-lactamase. This hybrid 
protein, when expressed in E. co//, is post-translationally 
modified;* processed, and localized to the bacterial outer 
membrane'(Ghrayeb and Inouye, 1984). Exchange of the 
non-mutant lipoprotein signal peptide with signai-peptide 
mutants, reveals altered processing and secretion (Lunn 
and Inouye, 1987). In this study, we have expressed both 
non-mutant and mutant hybrid lipo-0-lactamases in yeast: 
This prokaryotic protein was found to be processed and 
translocated into the yeast periplasm regardless of the 
lesion within the lipoprotein signal peptide. 

Results 

Cloning of lipo-p-tactamase under a GAL10 promoter 

A G AL1 0 expression system was chosen for the production 
of the hybrid protein lipo-p-lactamase in yeast. The shuttle 
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vector YEp51 (Broach et a/., 1 983) used in this study con- 
tains, in addition to the strong inducible GAL10 promoter, 
a termination of transcription from the yeast 2 \x.rr\ circle. 
It also contains origins of replication and selective 
marker(s) required for maintaining the vector as an extra- 
chromosomal plasmid in both yeast and E. coii. The source 
of the hybrid gene was plasmid pJG31 1 , which was used 
previously for expression of lipo-p-lactamase in E. coli 
(Ghrayeb and Inouye, 1984). The strategy for cloning of 
the lipo-p-lactamase gene into the expression vector is 
shown in Fig. 1 . A 1 .5-kb XbaUBamHl fragment from plas- 
mid pJG3l1 was inserted between the promoter and the 
termination site of YEp51 using the Sa/l and SamHI sites. 
The lipo-p-lactamase gene in YEp51 contains a 16-base- 
pair sequence upstream of the initiating ATG from the 
prokaryotic gene in which there are no other initiation sig- 
nals. The YEp51 plasmid containing the lipo-p-lactamase 
gene (designated pCOP1) was then used to transform a 
leucine-requiring yeast strain. Selected transformants 
analysed by Southern blot hybridization contained the lipo- 
p-lactamase gene (data not shown). . . „. 




, Xba I 

i 8 mer Sal I linkers 



| T4 DNA Ligase 
Sail l So1 x/ 8am t! 1 



SalJ/.BorruHI-. 



1.5 kb Sal I/Bam HI fragment 



Bom HI Large linear :f ragmen^ : 




kY" : "- 5 '- 



Ipp'-biaj 



LEU 2 



Fig. 1. Schematic diagram of pCOPi construction (not to scale). The coding 
sequence of £. coli lipo-p-iactamase from plasmid pJG31 1 was inserted 
between the GAL10 promoter and the transcription termination site of 
YEpSL Abbreviations: bla, (^lactamase; ipp'bla, lipo-p 1 -lactamase; Cm', 
chioramphenicol-resistance marker; B, BamH; Be, Sc/I; C t HincW; H, 
H/ndlll; P. Pst\; R. EcoRl: S, Sa/l; X. Xbal. 



Expression of lipo-p-lactamase in yeast 

To examine the expression of lipo-p-lactamase, yeast cells 
carrying pCOP1 were grown in medium containing either 
galactose or dextrose as the carbon source. Exponentially 
growing cells were labelled with [ 35 S] methionine and cell- 
free extracts were prepared and analysed by SDS poly- 
acrylamide gel electrophoresis. Aliquots of each extract 
were also immunoprecipitated with p-lactamase antiserum 
in order to identify p-lactamase cross-reacting material. 
Two protein species were specifically induced by galactose 
in pCOP1 -containing cells (Fig. 2, lane 4). Both species 
were immunoprecipitated with p-lactamase antiserum 
(Fig. 2, lane 8) and were absent from cells grown on 
dextrose or from cells harbouring the control plasmid 
YEp51 (Fig. 2, lanes 1-3 and 5-7). The two inducible 
bands corresponded in size to the precursor and mature 
forms of lipo-p-lactamase in E. coli. Quantitation of the 
relative amounts of radioactivity present in the two bands 
(Fig. 2 t lane 4) shows that these two species constitute 
roughly 4-5% of the total yeast soluble protein pool. Quan- 
titation of the two immunoprecipitated bands (Fig. 2, lane 
8) suggests that 30-40% of the hybrid gene product has 
been processed to a mature form of lipo-p-lactamase, with 
the remainder being in precursor form. 

It is important to point out that vector YEp51 harbours 
a p-lactamase gene controlled by the original prokaryotic 
promoter. The production of p-lactamase from this pro- 
karyotic promoter is negligible in yeast and should not be 
confused with the production of lipo-p-lactamase from the 
GAL10 promoter since: (a) in a strain containing the 
original YEp51 no p-lactamase cross-reacting material 
was detected by the polyacrylamide gel electrophoresis 
analysis described above (Fig. 2, lanes 1, 2, 5 and 6); (b) 
the p-lactamase-like bands were galactose-inducible, indi- 
cating that the yeast GAL10 promoter is responsible for 
directing production of these protein's; and (c) the apparent 
sizes of these products correspond to the sizes of lipo-p- 
lactamase gene products and not to the sizes of the p-lac- 
" tamase gene products (which are 1 3 amino acids smaller). 



Activity of lipo-p-lactamase in yeast 

It was considered to be worth investigating whether lipo-p- 
lactamase synthesized in yeast possessed enzymatic 
activity. Two semi-quantitative assays were used to deter- 
mine p-lactamase activity in culture lysates. Cell-free 
extracts from induced and uninduced cultures were spot- 
ted onto solid agar medium containing 10-20 ^g ml" 1 
ampicillin. After incubation at room temperature for 5 min, 
an ampicillin-sensitive E. coli strain was overlayed onto 
the plates in soft agar, and the plates were incubated at 
37°C overnight. Extracts from induced yeast cells harbour- 
ing pCOP1 potentiated growth of the indicator strain, while 
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Fig. 2- Production of the lipo-0-lactamase in yeast. 
S. cerevisiae DMM1-15A harbouring plasmid 
pCOPl or YEp5 1 were grown to 1 x 1 0 7 ceils ml " ' 
in dextrose medium (uninduced cultures) or 
galactose medium (induced cultures) and labelled 
for 1 h with pSJ-methionine. Aliquots of extracts 
prepared from the labelled cells were 
immunoprecipitated with antiserum to p-lactamase 
~ and then analysed by SDS potyacrylamide gel 

electrophoresis. Total (lanes 1-4) and 
*- immunoprecipitated extracts (lanes 5-8) of induced 
*-" '(-+) and uninduced (-) cultures harbouring either 
, . _ rPQOJP.1 (lanes 3, 4, 7, and 8) or YEp51 (lanes, 1 , 2, 
^ I ^5,a^nd 6) are presented. Symbols: the large dot 
srTows the position of prolipo-p-lactamase and the 
small dot shows the position of mature lipo-p- 
lactamase. 



extracts from induced cells carrying the vector YEp51 
allowed no growth. The diameter of the growth ring pro- 
duced by the induced pCOPl cell extracts after 10-16 h 
was at least ten times larger than the diameter for unin- 
duced cell extracts. 

The method of Tai, Zyk and Citri (Tai et ai, 1985) was 
used to determine whether the p-lactamase activity was 



Qoomassie Blue 



associated with both forms of the hybrid protein. Extracts 
from induced cells, harbouring pCOPl and YEp51 were 
subjected to SDS. pply aery I amide gel electrophoresis. The 
SDS was rembved-lrom the gels and the p-lactamase was 
renatured by-w^ash^g'the gel in the presence of ampicillin. 
p-lactamase . activity was then determined with starch- 
iodine paper n a§Tdescribed in the Experimental procedures 

Starch-Iodine Vv^^V^ 



YEpST 
Extract; iQ ' 1 



pCOPl 



pCOP-1 




1 2 3 4 5 6 7 8 



10 



12 



Fig. 3. Activity of tipo-p-lactamase in yeast. Total 
cell extracts were prepared from induced cultures 
harbouring pCOPl or YEp51, subjected to SDS 
polyacrylamide gel electrophoresis, and then 
. assayed for p-lactamase activity using starch- 
iodine paper (as described in Experimental 
procedures). 

Panel A: Coomassie-blue-stained gel after assay, 
with 1 0 pi of a YEp51 culture extract and 1 pJ, 3 yJ, 
1 0 1 5 and 20 *U of a pCOPl culture extract 
Panel B: Starch-iodine paper after the assay with 
the gel in Panel A. Symbols: the large dot shows the 
position of prolipo-p-lactamase and the small dot 
shows the position of mature lipo-p-lactamase. 
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section. Figure 3 shows that p-lactamase activity was 
oetected using 1 ^ of an induced pC0P1 cell extract 
(ianes 2 and 8), whereas no activity was observed using 
'0 of a similar YEp51 cell extract (lanes 1 and 7) All 
the observed activity migrated with the smaller of the two 
immunoprecipitated protein bands, which corresponds to 
the processed form of lipo-p-lactamase. These results are 
consistent with the observation that only the processed 
form of 3-lactamase is active (Roggenkamp ef al. 1985) 
and indicates that processed lipo-p-lactamase with en- 
zymatic activity can be produced in yeast. 

Processing of lipo- /3-lactamase 

Previous studies showed that in £ coli the hybrid protein 
I'Po-p-lactamase was cleaved at residue 20 when proces- 
sed by the lipoprotein-specific signal peptidase 1 1 (Ghrayeb 
and Inouye, 1984), or at residue 25 when processed by 
the broadly specific signal peptidase I (Ghrayeb ef al., 
1985). In order to determine the site at which lipo-p-lac- 
tamase is -processed in yeast, cells harbouring pCOP1 
were labelled with [ 3 H]-isoleucine. A soluble fraction pre- 
pared from these pells was then immunoprecipitated with 
antiserum to" p-lactamase, and the immunoprecipitates 
were subjected to SDS polyacrylamide gel electro- 
phoresis. The' band corresponding to the mature lipo-p- 
lactamase was then excised from a stained gel, and the 
labelled protein ejuted and subjected to sequential Edman 
degradation. Figure 4 shows that radioactive isoleucine 
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Fig. 4 Sequential Edman degradation of processed lipo-p-lactamase from 
!! a ?! 3 ' n , duCed CU ' tures narbourin 9 PCOP1 were labelled for 3 h with 20 nCi 
™ [ HHsoleucine. TotaJ culture extracts were immunoprecipitated with B- 
lactamase antiserum and subjected to SDS polyacrylamide gel 
electrophoresis. The mature lipo-p-lactamase band was excised, eluted 
and subjected to sequential Edman degradation (as described in 
experimental procedures). 



was detected in degradation cycles 6 and 10, indicating 
cleavage of the signal peptide between cysteine 21 and 
serine 22. Sequential Edman degradation following label- 
ling of lipo-p-lactamase with serine revealed radioactive 
peaks in cycl s 1 and 2 (data not shown), which is con- 
sistent with the result above. 

Figure 2 shows that only part of the total prolipo-p- 
lactamase pool was processed in vivo. To confirm the 
precursor-product relationship between the two forms of 
prolipo-p-lactamase, induced cells were subjected to a 
pulse-chase experiment. Exponentially growing yeast 
cells harbouring pCOP1 were pulse-labelled for 1 min with 
40 u.Ci ml" 1 [ 35 S]-methionine and this was followed by 
the addition of 0.5 mg ml" 1 non-radioactive methionine. 
At specified times, aliquots were removed, and cell 
metabolism stopped by dilution into formaldehyde. Figure 
5 shows that the presumed precursor of lipo-p-lactamase 
was labelled exclusively after incubation for 1 min. The 
radioactive protein was then chased into the smaller lipo-p- 
lactamase species, reaching a maximum at 10 min after 
the addition of non-radioactive methionine. The finding 
that only 30-40% of the lipo-p-lactamase is secreted in 
yeast is similar to the partial secretion achieved with some 
heterologous eukaryotic proteins directed by yeast signal 
sequences (e.g. Smith et al., 1985). 




Time (min) 



Fig. 5. Rate of prolipo-p-lactamase processing. Ceils harbouring pCOPl 
were grown in galactose medium minus methionine, pulse-labelled for 1 min 
with the addition of 40 nCi ml" 1 [ 35 S]-methionine, and then chased with non- 
radioactive methionine (0.5 mg mr 1 ). At specified times, aliquots were 
removed, cell extracts were prepared, immunoprecipitated with p- 
lactamase antiserum and analysed by SDS polyacrylamide gel 
electrophoresis. The relative amounts of prolipo-p-lactamase and lipo-p- 
lactamase were determined densitometrically from autoradiograms. 

Localization of lipo-p-lactamase products in the cell 

It was important to determine the subcellular localization 
of the lipo-p-lactamase gene products in yeast to implicate 
removal of the signal sequence with a secretion event. 
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Induced cells harbouring pCOP1 were first labelled for 
3 h with [ 35 S]-methionine. Zymolyase-20T was then used to 
form spheroplasts which were collected and lysed, allow- 
ing fractionation of the cells into periplasmic, cytoplasmic 
and total membrane fractions. To monitor the fractionation 
procedure, we assayed glyceraldehyde-3-phosphate 
dehydrogenase, which is a cytoplasmic enzyme (Schek- 
man, 1982), and a-galactosidase, which is a periplasmic 
enzyme (Tschopp ef a/., 1 984). Using the same conditions 
described in Fig. 2, over 90% of the glyceraldehyde-3- 
phosphate dehydrogenase activity was associated with 
the cytoplasmic fraction whereas about 90% of the a- 
galactosidase was associated with the periplasmic frac- 
tion. Similarly, immunoprecipitated invertase was detected 
essentially in the periplasmic fraction. As shown in Fig. 6, 
the processed form of lipo-p-lactamase was localized 
almost exclusively to the periplasmic fraction (lanes 1 and 
2), whereas the unprocessed form was found in equal 
amounts in the cytoplasmic and membrane fractions (lanes 
3, 4, 5, and 6). These results indicate that mature lipo-p- 
lactamase is translocated into the yeast periplasm. We 
could not detect p-lactamase activity or the p-lactamase 
immunochemically in concentrated samples of culture 
supematants, which indicates that p-!actamase is not 
released from the yeast periplasm into the medium. 

Processing and secretion of mutant lipo-p-lactamase in 
yeast 

Previous studies have analysed the effect of mutations in 
the lipoprotein signal sequence on its ability to direct 
secretion in E coli. To examine the effect of these muta- 
tions on secretion of lipo-p-lactamase in yeast, a number 
of mutant genes were cloned into YEp51 by a strategy 
analogous to that iltustrated-in Fig. 1. The mutants used 
in this study are presented in Fig. 7. These include muta- 
tions in the basic, hydrophobic, and cleavage domains of 




Fig. 6. Localization of !ipo-p:lactamase. Cells harbouring pCOP1 were 
grown in galactose medium, and labelled for 3 h with [ 3S S]* methionine. The 
labelled cells were fractionated into periplasm (lanes 1 and 2), cytoplasm 
(lanes 3 and 4), and membrahe^lanes SandB) fractions (as described in 
Experimental procedures j^otat (ianes^ . 3and 5) and immunoprecipitated 
extracts (lanes 2, 4 and 6) w;ere^bjected to SDS poiyacrytamide gel 
electrophoresis. , If^J/t , ~ 

* '*:<f'. i A.*.>;*' ■ ' a" * 

the lipoprotein signa! : peptide;*All these mutants exhibited 
altered processing and secretion of lipo-p-lactamase in E. 
coli (Ghrayeb ef a/., 1985; Lunn and Inouye, 1987). As 



pCOPI (encoding ncn-mutant prolipo- s -ua^sE) : 2Q y 25 

Effi^ e "LACTAMASE 

ffisl^K B -LACTAMASE 

ffis/Sffl e "LACTAMASE 

£^sAu^ft^^ e -LACTAMASE 

Fig. 7. Partial protein sequences of non-mutant and mutant hybrid proteins. The arrows indicate the cleavage sites of the signal peptide in yeast and E coli 
Numbers on the amino acid residues indicate the positions relative to the amino terminus of the hybrid protein precursor. 
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shown in Fig. 8, after 60 min of labelling with [ 35 S]- 
methionine, all these mutant proteins were processed to 
the same degree as the non-mutant lipo-p-lactamase gene 
products. In addition, localization experiments with these 
mutant strains showed that the mature form of lipo-p- 
lactamase was found in the periplasm (data not shown). 
Thus, these signal sequence mutations do not appear to 
effect either processing or secretion of lipo-p-lactamase 
in yeast; however, there is still a possibility that there may 
be some differences in the kinetics of processing and trans- 
location of these mutant proteins into the yeast periplasm 
The altered mobility of the lipo-p-lactamase precursors 
results from the amino-acid alterations in the siqnal 
' peptide. 



Fig. 8. Production and processing 
of lipo-p-lactamase. Cells 
harbouring pC0P1, pCOP2, 
pC0P3, pC0P4 and pCOPS (lanes 
1 -5, respectively) were labelled 
with [^SJ-methionine for 60 min and 
subjected to SDS poiyacrytamide 
gel electrophoresis, as described in 
Fig, 2. The arrow shows the position 
of processed lipo-p-lactamase. 



Discussion 

The secretion of proteins containing heterologous signal 
peptides has met with mixed success in yeast. Whereas 
a number of eukaryotic signal peptides are functional in 
yeast (Fujita ef a/., 1986; Hitzeman ef a/. f 1983; Oberto 
and Davidson, 1985; Valenzuela et ai, 1982; Wood etal., 
1985), efficient secretion directed by prokaryotic signal 
sequences has not been reported in this organism (Schek- 
man, 1985). In the present study, we have demonstrated 
that the prokaryotic hybrid protein lipo-p-lactamase is 
expressed in high amounts, and a significant portion of 
the protein synthesized is processed and secreted as an 
active enzyme into the yeast periplasm. Previous studies 
(Schekman, 1985; Roggenkamp ef ai, 1983; Roggen- 
kamp et ai, 1981) in which the native p-lactamase gene 
was expressed in yeast showed that the protein was pre- 
sumably processed by non-specific proteases. Unlike this 
study, however, the processed form of p-lactamase 
accumulated in the yeast cytoplasm and was not trans- 
located across the cytoplasmic membrane. Thus it appears 
that the signal sequence, plus nine amino acid residues 
from the amino terminus of the £ coli major lipoprotein, 
mediated successful translocation of lipo-p-lactamase into 
the yeast periplasm. In this respect, the lipoprotein signal 
sequence functions like some yeast signal sequences 
(MFa1 and SUC 2) that can also direct the secretion of 
p-lactamase in yeast (Mileham ef ai, 1986). 
. The cleavage of the lipo-p-lactamase signal peptide in 
yeast occurred between cysteine at position 21 and serine 



22, which is one amino acid removed from the £ coli 
signal peptidase II processing site (see pCOPl in Fig. 7). 
The cleavage of eukaryotic signal sequences after a 
cysteine residue has been demonstrated for a number of 
proteins such as immunoglobulin kappa and heavy chains, 
antithrombin III from humans, and ribulose biphosphate 
carboxylase from several plants (Watson, 1984). When the 
signal peptidase II processing site is altered, processing 
of lipo-p-lactamase in £ coli occurs via signal peptidase 
I at residue 25 (between an alanine and a lysine residue; 
Ghrayeb ef a/., 1985). In yeast, alteration of the signal 
peptidase II site, which is one residue away from the yeast 
cleavage site, does not block processing or secretion of 
lipo-p-lactamase (pCOPS in Figs 7 and 8). It will be inter- 
esting to investigate whether alteration of either cysteine 
or serine of the yeast lipo-p-lactamase cleavage site will 
block secretion or processing. It is worth noting that alter- 
ation of the yeast invertase signal sequence cleavage site 
does slow down secretion (Schauer ef ai, 1985). 

The alteration^ 4he basic domain of the lipoprotein 
signal sequenc0 ; so.that the net charge on that domain is 
-2 (from +2);-s§y^r#!y inhibits, processing and secretion 
of lipoprotein (^^k ef a/., 1983).and lipo-p-lactamase 
(Lunn and lnou^p37) in £ cqli r Even though a net 
negative charge isYiot found in the corresponding domain 
of eukaryotic signal sequences, such an alteration in the 
lipo-p-lactamase signal sequence has no apparent effect 
on the level of processing or secretion of lipo-p-lactamase 
in yeast. It has been suggested that the basic domain of 
the signal peptide ; in ^jpkaryptes interacts with the nega- 
tively charged memBr^ this role may be 
fulfilled by additional cpmponerifs of the secretory pathway 
that have not been demonstrated in prokaryotes (e.g. the 
signal recognitipn L ,particle). The behaviour, in yeast, of 
the amino-termina^ mutation described 
above, is consisteni with.the report that various insertions 
into the amino ierrpinus.of the invertase signal sequence 
does not block secretion of invertase in yeast (Brown ef 
ai, 1984). 

Secretion and processing of lipo-p-lactamase (Lunn and 
Inouye, 1987), and" of rtlany other prokaryotic secretory 
proteins (Pollitt and Inouye, 1986), are very sensitive to 
alterations in the hydrophobic domain of the signal peptide. 
Two such mutants in iipo-p-lactamase were examined: 
the first contained a deletion of four hydrophobic amino 
acid residues from the hydrophobic domain, and the sec- 
ond contained a substitution of two residues that are strong 
a-helix breakers for two alanines. The first of these muta- 
tions severely inhibits processing and secretion of lipo-p- 
lactamase in £ co//, whereas the latter slightly enhances 
processing or secretion of lipo-p-lactamase in the pro- 
karyotic system. Neither of these alterations appear to 
affect either the amount of processing or secretion of lipo- 
p-lactamase in yeast. The tolerance of deletions in the 
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yeast invertase signal peptide has been demonstrated 
recently. Deletions retaining eight out of the eleven con- 
tiguous hydrophobic amino acid residues of the hydro- 
phobic domain were found to be fully active for secretion 
of this protein (Perlman ef a/., 1986). Thus the remaining 
hydrophobic amino acids of the lipo-p-lactamase 
hydrophobic core may be sufficient for secretion in yeast. 

Cysteine at position 21 of lipoprotein and lipo-p-lac- 
tamase is modified by lipid in £ coli. In yeast, however, 
cysteine 21 is removed upon processing of lipo-p-lac- 
tamase. It is interesting to note that a number of glyco- 
proteins undergo fatty-acid acylation in the endoplasmic 
reticulum. This modification, however, is subsequently 
removed at some stage during (or after) transport of these 
proteins to the cell surface (Wen and Schlesinger, 1984). 
Since more than 60% of the lipo-p-lactamase in yeast is 
not processed; it will be interesting to test whether any 
lipid modification does occur. 

Processing of lipo-p-lactamase is different in the yeast 
and £ coli systems. Whereas changes in the structure of 
the signal peptide; of lipp-p-lactamase and invertase are 
tolerated '^ye^ secretion, £ coli secretion is very sen- 
sitive to chan^in any one . of the structural domains of 
the signal sequence; Cqhsis With this notion is a recent 
paper by'Kaise^ up 
to 20% of human 'random' sequences will at least partially 
function in secretion of invertase. Except for a tendency 
of these sequences to be hydrophobic, it appears that the 
specificity of the signal sequence structure required for 
recognition is Mow, .Recently, we have also shown that the 
mutant lipq^acfernSs^ front pCOP2 was processed in a 
eukaryotic c^ as the wild-type 

lipo-p-lact^^^|Q^a^f;a/.^ 1987). These differences 
observed j^e^ecretion^qf lipo-p-lactamase in £ coli 
and yeast^y^ in the 

secretory maq}^^ and eukaryotes. 



Experimental procedures 

Strains plasmids and growth conditions 

The Saccharomyces cerevisiae strain DMM1-15A (Ieu2, ura3, 
ade2, his5) and the plasmid YEp51 were kindly provided by Dr 
J. Broach (Broach er a/., 1983). The growth medium (SD) used 
in all the experiments contained 0.67% (w/v) nitrogen base without 
amino acids and 2% (w/v) of either dextrose or galactose and 
was supplemented with the appropriate amino acids. Cultures 
were pre-grown to stationary phase (12-24 h) in SD dextrose 
media at 30°C. These cultures were then inoculated into fresh 
SD media and supplemented with the appropriate carbon source. 
Lithium acetate DNA-mediated transformation was used for S. 
cerevisiae (Ito ef a/., 1983). £ coli strain SB221 and standard 
cloning techniques have been described previously (Ching and 
Inouye, 1985). 
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Cell labelling and immunoprecipitation 

S. cerevisiae DMM1 -1 5A cells containing the appropriate plasmid 
were grown to 2x10 cells mr\ harvested, and resuspended in 
fresh SO media lacking methionine. After growing the cells for 30 
mm at 30°C, 1 00 »Ci pSJ-methionine was added to a 5-ml culture 
and the cells were incubated for 30-60 min. The labelled cells 
were collected by centrifugation, washed once with fresh SD 
media, and resuspended in 300 nl of TE (10 mM Tris, pH 8, and 
1 mM EDTA). Cells were broken by vortexing with glass beads 
for 1 mm and centrifuged to recover a clear supernatant This 
extract was immunoprecipitated with p-lactamase antiserum and 
formaldehyde-treated Staphylococcus aureus A Cowan cells 
(Kessler, 1975) and then analysed by SDS polyacrylamide gel 
electrophoresis as described (Ghrayeb and Inouye, 1984) 
Quantitation of film darkening observed on autoradiograms was 
earned out using a Shimadzu model CS-910 dual wave-lenqth 
scanner. 



Southern blot analysis 

Yeast DNA was prepared as described by Sherman era/. (1983) 
DNA was transferred to nitrocellulose essentially according to 
Southern (Southern, 1 979). A 1 .5 kb Xbai, SamHI fragment from 
plasmid pJG31 1 t containing the Hpo-p-lactamasegene, was nick- 
translated and used as the probe. Hybridization was performed 
m 3xSCC (1 xSSC = 0.15 M NaCI, 0.015 M sodium citrate) 
3xDenharts solution (Denhardt, 1966) and 0.5% SDS at 65°C 
^for 12-16 h. The filters were washed in 3xSSC, 0.5% SDS at 
65°C for 2 h, dried and then autoradiographed. 

Localization of prolipo-p-lactamase 

The subcellular localization . of prolipo-p-lactamase was deter- 
mined by a modification of the method of Harrington and Douglas 
(1980). pSl-methionine-labelled yeast cells harbouring pCOP-1 
were washed and resuspended to 2x10* cells mP 1 in 0.5 ml of 
1 M sorbitol, 50 mM Tris, pH 7.4, 2 mM dithiothreitol, 10 mM 
MgCI 2) * 20 mM sodium azide, and 0.5 mM phenylmethylsulfonyi 
fluoride (PMSF). Zymolyase-20T (Siekbagaku Kogyo, Co, Ltd; 
30 ftl of a 2 mg ml" 1 stock) was added, and the suspension was 
incubated at 30°C for 30 min with gentle shaking. Formation of 
spheroplasts was monitored microscopically. The spheroplasts 
were harvested in a Sorval clinical centrifuge at 1000 rpm for 5 
min at room temperature (the supernatant fluid constituted the 
periplasmic fraction) and resuspended in 0.5 ml of 50 mM Tris, 
pH 7.4, 3 mM EDTA, 0.5 mM PMSF. The cells were broken by 
sonication, then centrifuged at 300 000 xg for 20 min using a 
Beckman Model TL-100 tabletop ultracentrifuge. The soluble frac- 
tion was removed, the membrane pellet resuspended in 0.5 ml 
of the same buffer and all fractions then subjected to immuno- 
precipitation and SDS polyacrylamide gel electrophoresis as 
described above. 



Enzyme assays and other procedures 

Detection of p-lactamase activity in SDS polyacrylamide gels was 
performed as previously described (Tai ef a/., 1 985). The method, 
in summary, includes renaturation of ^-lactamase by washing of 
SDS gels in the presence of ampicillin. Whatman paper stained 
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with a starch-iodine solution and saturated with ampicillin is then 
Si on the gel. The appearance of white bands at the pos*on 
o, active lactamase is due to the ability of, ,en,ci toe acid pr* 
duced by the action of lactamase) to reduce l 2 and thus to 
declie the blue starch-iodine complex. Galactose and 
g.yceraldehyde-3-phosphate dehydrogenase assays were jjj- 
?ormed according to published methods (Tschopp et a/.. 1984, 
Christensen and Cirillo, 1972). 

Sequential Edman degradation was carried out as previously 
described (Nakamura and Inouye. 1979). The desired protein 
band was eluted from fixed and stained SDS polyacry am.de gels 
by gentle shaking for 24 h at 30°C. with 2 ml of 50 mM Tns-HCI, 
pH 8.0 containing 1% SDS. The eluted protein was then pre- 
cipitated at 4°C with 2 volumes of acetone after the addition of 
13 mg of crystallized bovine serum albumin. The precipitate was 
collected and washed 6 times with 1 ml of trifluoroacetic acd and 
applied to a JEOL Sequence Analyser model JAS-47K. 
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The function of amino-terminal pro-specific peptides 

PTO) fi?ecursor protein containing such a propep- 
5S?to initially synthesized as a P^« 

' UgonSides were used to *«^ m g»££Z 
imprecisely the pro-specific PW^^-^Stecr!- 

Kcurtte and efficient »&»»! faction- 



reticulum (Blobel and Dobberstem, 1975a, 1975b, non* 
fide residues not found in the mature secreted 

being characterized (Steiner et o/:; ;1984) . „„« v-i v 
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propeptides include: 1) ensuring correct folding ol ithe protein 
(Steiner and Clark, 1968); 2) providing a muumum length 
SSed 'for transoo'rt across the endoplasmu: reUculum; 3 
providing linkage for coordinate translation of wWedie 
f "tedpeptides, such as the cleavage producte of proop ome- 
tooToSin (Herbert and Uhler, 1982); 4) conferring a diverse 
SSm of actions to a family of 

cursors such as the precursor of somatostatins SRIF-14 ana 
S 2MNoTand Spiess, 1983); 5) acting as sorting se- 
auences (Guan and Rose, 1984) to guide precursors through 
?te secreto^athway from the rough endoplasmic reticulum 
toXcog. where cleavage of the propeptide ensues; 6) 
Erecting covalent modification of protein, as suggested by the 
SSSa that the propeptide plays a role » P-"^ 
tional 7-carboxylation of Factor IX (Jorgensen et ol ,1987), 
or 7) formtng a functional unit with the signal peptide, to 
assure optimal signal function. . 

can be predicted fairly reliably, with rules * * 
observed frequency of certain ^J^^^gSl 
the cleavage site, in already f^^Jfifc?^ 
and Halvorson, 1983; von Heinje, 1983, 1984, 1986a, laaoo;. 
F^om such analyses, a pattern of acceptable and forbidden 
Uences bordering £3£ 

iTrwCvs Thr or Gin); and the residue at position -3 
ntusS^ 

This (-3 -1) rule, combined with the expected distabutaon 
If other amino «ids within the cleavage domain (-13 to +2), 
SSlTS to construct a ^.«^^5££ 
nrobabilitv of cleavage at a specific site within the cleavage 
^n S^oS^s ^ anaJys- f shown fur- 
ther that signal cleavage usually occurs withm a wmdow 4 
in residues from the end of the hydrophobic core and that 
L q Scerimmediately distal to the cleavage site tond to 
minimize choices for alternate cleavage sites (von Heinje, 

investigate the function of propeptides we have chosen 
as a model the secretory protein 

(prepro-PTH).' Biosynthetic studies -di Je that, att. 
parathyroid gland, parathyroid 
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an unglycosylated 84 -residue protein whose classical actions 
are to raise blood calcium and lower blood phosphorus by 
acting on bone, kidney, and, indirectly, on intestine (Habener 
et aL, 1984). The primary translation product, prepro-PTH, 
has a 25-amino acid signal, followed by the highly basic 6- 
residue propeptide sequence. 

The small size of prepro-PTH^ propeptide makes unlikely 
most of the hypotheses about function outlined above. The 
human propeptide (Lys-Ser-Val-Lys-Lys-Arg), is cleaved 
from pro-PTH just before secretion, presumably in the trans- 
Golgi tubular network. Processing occurs after the dibasic 
residues Lys-Arg. Pro-PTH is not secreted from cells (Habe- 
ner, 1979), and neither the pro-specific fragment nor any of 
the its possible degradation products accumulates in the cell 
(Habener, 1979); thus, any role for the propeptide must be an 
intracellular one. 

The propeptide of pro-PTH should serve as an appropriate 
model for analyzing the function of other short amino-ter- 
minal propeptide sequences. To test for potential functions, 
we have used a human prepro-PTH cDNA clone to generate 
a mutant gene (called pre(Apro)-PTH) lacking precisely and 
only the pro-specific sequences. The propeptide deletion was 
created by oiigonucleotide-directed mutagenesis. Two inde- 
pendent but parallel approaches were used in the analysis: 
the mutant pre-PTH cDNA was integrated stably into eukar- 
yotic secretory cells using a retroviral vector; furthermore, the 
cDNA was expressed by translation of synthetic mRNA in a 
cell-free extract containing microsomal membranes. The 
studies reported here define a role for the propeptide in signal 
function, since the pre(Apro)-PTH mutant precursor is 1) 
inefficiently translocated, 2) inefficiently processed to PTH- 
related peptides, and 3) cleaved at both the normal site and 
, at an alternate site located two amino acids proximal to the 
normal site within the signal sequence. These results indicate 
that, in the eukaryotic protein prepro-PTH, sequences im- 
mediately downstream and separate from the classically de- 
fined signal facilitate several aspects of signal sequence func- 
tion. 

EXPERIMENTAL PROCEDURES 
Materials 

Restriction enzymes, T4 DNA Ugase, and Escherichia coli RNA 
polymerase were from New England BioLabs. Formalin-fixed Staph- 
ylococcus aureus (IgG-sorb) was from the Enzyme Center, Inc. L-l^S] 
Methionine and L-[ 3 H] leucine were from Ameraham Corp. Trypsin 
and a-chymotrypsin were from Sigma. RQl DNase and canine pan- 
creatic microsomal membranes were from Promega Biotec. 

Methods 

Cell Culture— GH 4 C V rat pituitary cells were grown in Costar plas- 
ticware in Dulbecco's modified Eagle's medium with high glucose (4.5 
g/liter) and 10% fetal calf serum (Gibco), in 95% air and 5% CO* 
The cells were replated every 5-7 days, using 0.05% trypsin and 0.02% 
EDTA to disperse the cells. The ^-2 cell line (Mann et al., 1983), a 
clonal NIH 3T3 cell line stably transfected with modified Moloney 
murine leukemia virus, was a gift of R. Mulligan (Massachusetts 
Institute of Technology). 

In Vitro Transcription and Translation— pGLlOl-based (Guarente 
et al., 1980) plasmids containing the UV5 lac promoter region were 
transcribed in vitro by E. coli RNA polymerase as described (Kronen- 
berg et al., 1983). The transcription reaction was subjected to RQl 
DNase digestion (to remove the DNA template) and then extracted 
with phenolchloroform and ethanol-precipitated. The mRNA concen- 
tration was measured spectrophotometrically. The resulting mRNA 
was translated in a nuclease-digested reticulocyte lysate in the pres- 
ence of either ("SJmethionine or [ 3 H]leucine, as described previously 
(Kronenberg et aL, 1983). To test for membrane translocation and 
signal peptidase cleavage, rough microsomes from canine pancreas 
were included in the translation reaction, either prepared by the 



method of Shields and Blobel (1978), or purchased from Promega 
Biotec. 

To then assay for cotranslational translocation, trypsin, a-chy- 
motrypsin, and, in some reaction, Triton X-100 (1% final concentra- 
tion) as a control were added to the cell-free system 30 min after the 
initiation of translation. As an additional control, microsomal mem- 
branes were added to some reactions post-translationally. Reactions 
were then incubated 90 min on ice, followed by the addition of 
aprotinin (150 KIU) to all reactions, and then Triton X-100 (0.2% 
final concentration) to those without prior Triton X-100 addition. 
Radiolabeled proteins were then subjected to immunoprecipitation. 

Immunoprecipitation and Gel Electrophoresis— factions contain- 
ing radiolabeled proteins were immunoprecipitated, after preclearing 
overnight, as described (Hellerman et al. t 1984). The pellets were 
extensively washed in RIPA buffers (10 mM Tris-HCl. pH 7.2, 1% 
Triton X-100, 0.1% SDS, 1% deoxycholate, 5 mM EDTA, and 0.02% 
NaN 3 ), dissociated in sample buffer, and run on 15-20%_SDS-poly- 
acrylamide gradient slab gels (Laemmli, 1970). Gels were incubated 
in En 3 hance (Du Pont-New England Nuclear) according todirections 
supplied by the manufacturer and dried. Proteins were visualized 
with fluorography on Kodak XAR-S film. Quantitation of bands on 
the gels was performed by scanning densitometry on an LKB 
UltroScan XL laser densitometer. 

Amino- terminal Sequence Determination — PTH -peptides were ra- 
diolabeled in the presence of [ M S] methionine either in intact cells or 
in reticulocyte lysates programmed with mRNA from the in vitro 
transcription reactions. Peptides were isolated by immunoprecipita- 
tion as described above, followed by SDS-polyacrylamide gel electro- 
phoresis on high resolution (27 cm) slab gels. Gels were dried without 
En 3 hance, autoradiography was performed, and the region : 6f the gel 
containing PTH peptides was excised with a razor blade? The'eluate 
from overnight incubation of the gel slice with a solutibh^cbritaining 
1% triethylamine, 0.1% SDS, and 200 /ig/ml gelatin , was lyophilized 
and subjected to automated Edman degradation using a-Beckman 
Model 890C protein sequenator and a 0.1 M Quadrol program as 
described previously (Kronenberg et al, 1983). , , 

Plasmid Constructions— The methods for pre*pafation of plasmid 
DNA, cleavage with restriction enzymes, purification of fragments, 
and ligation reactions were performed as described (Hendy et al., 
1981). A plasmid encoding pre(Apro)-PTH was constructed using 
oiigonucleotide-directed mutagenesis (see "Results"). The synthetic 
82-base oligonucleotide fragments were synthesized on' a Model 380A 
DNA synthesizer from Applied Biosystems," by the solid ^phase phos- 
phoramidite method Sequencing of the mutant ;cDNA*to confirm 
the sequence (after cloning), was by the chemical method. of -Maxam 
and Gilbert (Maxam and Gilbert, 1980). The plasmid pZIPV-gpt was 
a gift of R. Mulligan. 'A?:"!?^' "V * 

DNA Transfections and yiruses— DNA trarisfectfons^ .were per- . 
formed with 10 Mg of plasmid DNA by the procedure' bf 'Graham and 
Van der Eb (1973), as modified by Parker and Stark (1979)': Virus 
infection was performed in the presence of 8 jig of Polybrene/ml for 
2.5 h, as described (Hellerman etal., 1984). Aminopterin was omitted 
from the gpt-selection medium for Gf^Ct cells (Mulligan and Berg, 
1981). ' 

To radiolabel cells for pulse-chase studies, confluent "iOOtmm 
dishes were rinsed twice in methionine-deficient Dulbecco's modified 
Eagle's medium containing 10% dialyzed fetal calf serum. : Cells were 
then incubated with 0.5 mCi of ["SJmethionine in 3 ml of medium. 
Chase was initiated by rinsing cell layers once with phosphate- 
buffered saline and refeeding with fresh normal Dulbeccols modified 
Eagle's medium containing 30 mg/1 of nonradioactive methionine. 
Incubations were terminated by lysis in detergent-containing RIPA 
buffer with 500 jig/ml phenylmethylsulfonyl fluoride added Cell 
lysates were forced repeatedly through a 22-gauge needle to shear 
DNA, and both media and cell lysates were spun for 15 min at 15,000 
x g. Samples were then processed for immunoprecipitation and SDS- 
polyacrylamide gel electrophoresis as described above. 

RESULTS 

Construction of pre(bpro)-PTH Deletion Mutant cDNA— 
Oiigonucleotide-directed mutagenesis was used to delete the 
18 nucleotides that encode the 6-amino acid propeptide from 
prepro-PTH. Synthetic Hindlll and BamHI cleavage sites 
had previously been inserted at the ends of human prepro- 
PTH cDNA (Born et al., 1986). Employing a Bglll site for- 
tuitously located precisely at the end of the prepro-sequence, 
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the entire "prepro" coding sequence was excised by digestion 
with HindlH and with BglU. Two 82-base oligonucleotides 
were synthesized and provided the complementary strands 
encoding the entire 25-amino acid prepeptide with appropri- 
ate cohesive ends. The oligonucleotides were annexe d by slow 
cooling from 68 "C to room temperature, in low salt buffer (10 
mM^Tris, P H 7.5, 10 mM MgCl,, 1 mM dithiothreitol) at 100 
ne/ul for each strand. This double-stranded sequence was 
then ligated just upstream from the coding sequences for 
mature PTH. This construction thus deleted precisely and 
only the sequences encoding the propeptide, generating 
pre(Apro)-PTH cDNA. The sequence, orientation^ read- 
ing frame of the deletion plasmid were confirmed by DNA 
sequencing using the chemical method (Maxam and Gilbert. 

19 From the parent construct, two other plasmids .were made; 
one based upon an E. coli expression plasmid pGLlOl (Guar- 
ente et al., 1980) for studies employing cell-free translation 
assays using synthetic mRNA, and one based upon tie plas- 
mW pZIP-v ^(analogous to P ZIP-neoSV(X)l (Cepko e aL, 
1984) but containing the gpt gene) usecT to gen e«te recom- 
binant retrovirus that, in turn, was used to infect QH4C1 cell 
lines In the pGLlOl-based construct, transcription of 
pre(Apro)-PTH mRNA was driven from the toe promoter m 
Lro £ing E. coli RN A polymerase. Messenger RN A produced 
in this reaction was then used to P"^^^.^ 1 ^ 
of pre(Apro)-PTH protein. Clonal GH^C^celh^nes stably 
expressufg mutant human P re(Apro).PTH,cDNA ^e _o^ , 
tained by infection of cultures with recombinant retrovirus 
containing the mutant cDNA. using transient rescue, as fol- 
fowsfV-2 cells, which contain a defective Molonermunne 
leukemia provirus (Mann et al., 1983) were transfecjd with 
the retroviral construct by calcium-phosphate P™*^*; 
These cultures package infective viral particles that contam 
only the pre(Apro)-PTH RNA. Medium harvested from these 
cultures 20 h later contained the recombinant retroy^^hat 
was used to infect GH«C, cells. Infected cultures r were grown 
under guanine-xanthine phosphoribosyl tra^fras^^gpt) se-. 
lection in the presence of mycophenolic acioVGkmes express- 
ing gpt activity, and presumably pre(Apro}^H.^ere .so- 

processing of Pre(*pro).PTH in CeUfeelEm^Tr^ 
lation reactions using synthetic mRNA, earned. out.. m. retic- 
ulocyte lysate in the presence of canine pancreaticmicrosomal 
membranes, were used to assay in vitro the early events in 
the processing of pre(Apro)-PTH. In this assajTvproteins are 
cotranslationally translocated across the membrane, and sig- 
nal sequences are cleaved by signal PeP^^fg 1 ^ *£f 
inner face of the membrane (Jackson and Blobel, 1977, Kreil 
1981). The mRNA was transcribed in «,itro from^normal and 
mutant linearized plasmids (20 k), using £ cob. RNA polyrn- 
erase. The template DNA was digested with RQ1 DNase (20 
units) and the mRNA was extracted with phenolchloroform 
and ethanol-precipitated. Messenger RNA concentration was 
measured spectrophotometrically after resuspending the pel- 
lets in H,0. Both normal and mutant constructs yielded 
identical amounts of message (data not shown) Synthesis of 
prepro-PTH was performed with ™* lu * d ^^IV^ 
thesis of pre(Apro)-PTH was performed with mRNA diluted 
1:5 and 1:10 (see below). 

Translation reactions were performed in the absence or in 
the presence of increasing concentrations of rough micro- 
somes from canine pancreas. To assay for proteolytic pro- 
cessing by signal peptidase, proteins were translated in the 
presence of [^methionine, immunoprecvpitated with al- 
finity-purified anti-PTH antisera, separated on 15-20 A 



SDS-polyacrylamide gradient slab gels, and processed for 

^The^sults of translation reactions directed by pPTHlac3 
(Born et al., 1986). a pGLlOl-based plasmid encoding normal 
human prepro-PTH, are shown in the upper panel of tig. 1. 
The primary translation product in the absence of membranes 
(0 equivalents) was prepro-PTH. The more rapidly 
immunoprecipitable proteins are PTH-related peptides that 
are generated by internal initiation at the methionines at 
positions 7, 39, and 49 in the prepro-PTH molecule^The 
identity of all PTH-related peptides was established by 
amino-terminal radiosequence analysis (data not shown) 
Translation in the presence of increasing concentration of 
rough microsomes from canine pancreas (1, 2, and 4 equiva- 
lents) resulted in cleavage of the signal, producing pro-Flri. 
Increasing the concentration of membranes generated more 
processed pro-PTH and less prepro-PTH, with almost com- 
plete conversion at the highest dose (4 equivalents) of mem- 
branes employed. „/A„~,1 
When message concentrations were equal, more pre(Aproj- 
PTH peptide was translated than normal prepro-PTH (data 
not shown). This variable efficiency of translation presumably 
results from the differences in the mRNA structures: the 
prosequence deletion and differences in the 5'- or 3 -untrans- 
lated regions. , . , . , 

Relatively equivalent amounts of protein were synthesized 
when the mutant mRNA was diluted 1:5 relative to the normal 
mRNA (Fig. 1). Even under conditions in which less mutant 
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FIG. 1. Cleavage of PTH-related precursors by «creas.ng 
doses of microsomal membranes. Immunoprecipitates of PI H 
rSd peptides after translation with adjusted mRNA concen ra- 
UonTin^e presence of indicated equivalents of -crosomal^ ^mem- 
branes added cotranslationally. See text for expknaU^ 
Arrows indicate precursor and processed products. The percent con^ 
version of precursor to product was calculated f™m the mtegrated 
peak area for precursor and processed f or ^ : ^™:™" * _ ?2 % 
%%, 2 eq = 71%. and 4 eq = 90%; P"^™ 1:5 at 1 eq -40% 
2 eq = 56%, and 4 eq = 76%; pre(Apro)-PTH 1:10 at 1 eq = 30%, 2 
eo i = 51% and 4 eq = 66%. Results were adjusted to normalize for 
Se 6 methionines in each processed product. The differencete^een 
normal prepro-PTH and pre(Apro)-PTH is statically sigmficant 
at the p = 0.037 level. 
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peptide was synthesized (1:10 dilution), the processing was 
somewhat inefficient. Fig. 1 compares quantitatively the 
cleavage of normal prepro-PTH to the cleavage of pre(Apro)- 
PTH. The relevant bands were scanned, and the fraction of 
synthesized protein cleaved at each membrane concentration 
was calculated. Even at low protein concentrations, 
pre(Apro)-PTH peptide was inefficiently processed when 
compared to normal prepro-PTH. The difference between the 
processing of pre(Apro)-PTH and prepro-PTH was statisti- 
cally significant at the p = 0.037 level using the nonparametric 
triangle test (Hollander and Wolfe, 1973). 

Deletion of the propeptide from the prepro-PTH molecule 
therefore resulted in inefficient cleavage of the signal in a 
cell-free system, even though the actual signal sequence was 
unaltered in the mutant precursor. As will be discussed in 
more detail later, amino-terminal sequence analysis was car- 
ried out on the processed PTH product to determine the site 
of cleavage. The predominant processed protein produced in 
the reticulocyte lysate was authentic PTH, generated by 
cleavage of the signal sequence at the normal position (data 
not shown). 

Translocation of Pre(bpro)-PTH through the Membrane— 
A proteolytic protection protocol was used to determine the 
location of precursor and product in the cell -free system, 
relative to the phospholipid bilayer. Since signal peptidase is 
located on the inner face of the membrane, any processed 
product must have been translocated -through the membrane 
in order to have been a substrate for signal peptidase activity. 
However, translocation can occur without signal cleavage 
(Hortin and Boime, 1981), and consequently must be meas- 
ured by an assay independent of cleavage. Limited trypsin/ 
chymotrypsin digestion in the presence of membranes there- 
fore more directly assesses translocation through the mem- 
brane. Trypsin and chymotrypsin were added after the com- 
pletion of translation in the presence of rough microsomes 
from canine pancreas and [ 3 H]leucine, and samples were 
incubated for 90 min on ice. Radiolabeled proteins were 
immunoprecipitated after inactivating the proteases with 
aprotinin and subjected to SDS-polyacrylamide gel electro- 
phoresis as described above. 

Radiolabeled protein resistant to degradation is presumed 
to be protected within a membrane-bound space, isolated from 
protease digestion. In the presence of rough microsomes from 
canine pancreas, pro- PTH cleaved from prepro-PTH was 
completely protected from limited digestion (Fig. 2, lanes 3 
and 6), while precursor prepro-PTH was sensitive to digestion 
and disappeared. Similarly, processed PTH from pre(Apro)- 
PTH was also protected (lanes 11 and 14), while the precursor 
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Fig. 2. Translocation of PTH-related peptides. Translation 
reactions were performed in the presence of rough microsomes (RM) 
in indicated lanes; membranes were added only post-translationally 
(MPT) in indicated lanes. After translation, trypsin and chymotryp- 
sin (T + CT) were added at the concentrations indicated. Triton X- 
100 was added at the same time as the protease in the indicated lanes 
{Det). Precursor and processed products are indicated by arrows. 



was not. The first two lanes in each set again demonstrate 
the inefficient processing of pre(Apro)-PTH seen in Fig. 1 
(compare lane 2 to lane 10 in Fig. 2). The translocation of 
pre(Apro)-PTH was therefore less efficient than the translo- 
cation of normal prepro-PTH. The PTH-peptides were in- 
herently digestible, since disruption of membrane integrity 
with detergent led to digestion of both the precursor and the 
product (lanes 4, 7, 12, and 15) radiolabeled proteins at two 
different protease concentrations. The peptides were not pro- 
tected from digestion by a nonspecific hydrophobic interac- 
tion with membranes, since addition of microsomes after 
translation did not protect them from digestion (lanes 5 8 
13, and 16). ' ' 

Processing and Secretion ofPre(Apro)-PTHby Cells Infected 
with Recombinant Retrovirus— The cell-free studies outlined 
above indicate that processing of pre(Apro)-PTH is ineffi- 
cient. Cell-free systems best assay the early steps in secretion. 
In order to examine the later stages of secretion, and to 
confirm the cell-free data, clonal secretory cell lines express- 
ing pre( Apro)-PTH were established using recombinant retro- 
virus. The rat pituitary Grid tumor cell line was chosen as 
the recipient cell line for the transfection studies, because it 
is a well characterized prolactin-secreting line (Tashjian et 
al. t 1978). These cells do contain some vesicles and secretory 
granules at the cell periphery, and respond in a physiological 
manner to thyTotropin-releasing hormone by increased re- 
lease of prolactin (Tashjian et a/., 1978). PTH-derived pep- 
tides use the normal secretory pathway in these cells, since 
clones expressing prepro-PTH respond to a thyrotropin-re- 
leasing hormone challenge by increased release of PTH into 
the media (Hellerman et a/., 1984). The pre(Apro)-PTH re- 
cipient GH4C1 clones derived by gpt selection were character- 
ized by immunoprecipitation using affinity-purified goat anti- 
human PTH antisera. Four independent clones were estab- 
lished and shown to secrete identical products; one was used 
for the detailed characterization of pre(Apro)-PTH process- 
ing. 

Cells were pulse-labeled for 15 min with ["SJmethionine 
and then chased for the times indicated (Fig. 3a) with medium 
containing excess nonradioactive methionine. Media and cell 
lysate samples were immunoprecipitated and separated on 
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FiG. 3. Pulse-chase analysis of control GH4C1 cells and 
GH4C1 cells synthesizing prepro-PTH pre(Apro)-PTH. Immu- 
noprecipitates of cell lysates (a) and media (b) were electrophoresed 
after cells were labeled with [ M S] methionine for 15 min and chased 
with nonradioactive methionine for the indicated times. 
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15-20% SDS -poly aery lamide gradient slab gels and then proc- 
essed for fluorography. The results of a pulse-chase analysis 
of a clone expressing normal prepro-PTH are shown in Fig. 
3a. As in normal parathyroid cells, no prepro-PTH precursor 
was detected after a 15-min pulse labeling of such cells (lane 
1), because cleavage and removal of the signal sequence is 
presumably cotranslational. The predominant products im- 
munoprecipitated at the earliest time point were pro-PTH 
and PTH (lane i). With time, pro-PTH was converted to 
PTH (lanes 2-5), and PTH was found secreted into the 
medium at 15-30 min post-chase (Fig. 36). Neither precursor 
prepro-PTH nor pro-PTH were secreted into the media from 
these cultures. 

In cells that had integrated the pre(Apro)-PTH recombi- 
nant retrovirus, the protein that co-migrated with the un- 
cleaved precursor pre(Apro)-PTH marker protein produced 
in a cell- free extract without membranes (marker not shown) 
was the predominant PTH-related protein at the end of the 
15-min pulse (Fig. 3a). The mutant clonal cell line contains 
less peptide than the clonal line expressing normal prepro- 
PTH, presumably because the site of integration affects the 
level of gene expression. The inefficient processing of the 
pre(Apro)-PTH precursor (lane 6) was in striking contrast to 
the efficient processing of normal prepro-PTH (which is 
therefore not visible in lane 1). The precursor pre(Apro)- 
PTH, although a predominant band at the earliest time point, 
rapidly disappeared from the cells. Since the precursor was 
not secreted into the media (Fig. 36), it was either rapidly 
degraded or cleaved to the PTH-sized product in Fig. 3a. 

In the medium from cultures expressing pre(Apro)-PTH, 
PTH-sized peptide was secreted with kinetics similar to that 
of native PTH, appearing around 30 min (Fig. 36, lane 8). No 
bands that co-migrate with PTH -peptides were immunopre- 
cipitated from untransfected GH4C1 (lanes 11-15). 

Sequence Analysis of Products Secreted into the Medium — 
The sites of cleavage of normal prepro-PTH are accurate in 
GH4C1 cells (Hellerman et ai, 1984). To characterize the site 
of cleavage of the precursor pre(Apro)-PTH that generates 
the PTH-sized protein in GH4C1 cells, amino-terminal radi- 
osequence analysis was performed. [^S] Methionine was used 
to label the protein,, since mature human PTH contains 
methionine residues at positions 8 and 18. The cleavage 
products secreted into the medium during a 2-h labeling of 
cells were eluted from a gel slice after preparative high reso- 
lution polyacryiamide gel electrophoresis and subjected to 
repetitive automated Edman degradation. The longer gel al- 
lowed the resolution of two closely spaced bands of nearly 
equal intensity. As can be seen in Fig. 46, sequence analysis 
of the lower band from the medium revealed [^S] methionine 
peaks at the expected positions of 8 and 18, indicating cleavage 
at the normal end of the signal sequence, after a glycine 
residue. This finding confirms the result found with in vitro 
processing (data not shown). However, sequence analysis of 
the upper band showed [ M S] methionine peaks at positions 10 
and 20 (Fig. 4a). Cleavage to produce this peptide therefore 
occurred after serine 23 of the pre(Apro)-PTH precursor, 2 
amino acids back into the signal sequence, yielding Asp-Gly- 
PTH as the processed product (Fig. 4c). Cleavage at this site 
conforms to the (-3, -1) rule, although this site is only three 
amino acid residues downstream from the end of the hydro- 
phobic core of the signal. In the pulse-chase study (Fig. 3a) 
these two peptides were found both in the media and in the 
cell lysates. Both normal PTH and Asp-Gly-PTH appeared 
in both the cell lysate and media samples with the same 
kinetics. Removal of the propeptide therefore led to ambiguity 
in the site selected by signal peptidase for cleavage of the 
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FlG. 4. Amino-terminal radiosequence analysis of proteins 
secreted from GH4C1 cells synthesizing pre(Apro)-PTH. Pro- 
teins were separated by gel electrophoresis after labeling of cells with 
[^SJ methionine. The sequence of the upper band (a) indicates that 
the methionines found at positions 8 and 18 of PTH are located at 
positions 10 and 20 in this protein. The sequence of the lower band 
(b) is that of PTH. The cleavage sites that are suggested by the 
methionine peaks are indicated in c. 

signal peptide, but did not dramatically alter the kinetics of 
secretion. A second cleaved product was not detected in the 
cell-free translation reactions, in contrast (Fip. 1 and 2). 
However, sequence analysis of the product synthesized in 
vitro suggested that a small amount of Asp-Gly-PTH might 
be synthesized in the cell-free system (data not shown). 

DISCUSSION 

The role played by amino-terminal propeptides in the com- 
plex process of secretion has not been clarified. In order to 
characterize potential functions of propeptides, we have used 
human prepro-PTH as a model secretory protein, and deleted 
the hexapeptide prosegment by oligonucleotide-directed mu- 
tagenesis of cloned cDNA. This precise deletion created a 
cDN A encoding a peptide consisting of the naturally occurring 
25-residue-long signal peptide from prepro-PTH fused in 
phase with the mature PTH molecule. We have used this 
cDNA to create vectors that program both in vitro reactions 
and intact cells for the expression of the pre(Apro)-PTH 
precursor peptide. 

We have demonstrated that precise deletion of the propep- 
tide-specific domain from the prepro-PTH molecule leads to 
inefficient translocation and processing of the signal sequence 
from the precursor pre(Apro)-PTH. Furthermore, the deletion 
of the pro-specific peptide leads to ambiguity in the signal 
cleavage sites chosen by signal peptidase. These results sug- 
gest that sequences immediately downstream from (carboxyl- 
terininal to) the classically defined signal sequence are im- 
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portent for proper signal function. The possible generality of 
this observation is suggested by the exonic organization of 
the human, bovine, and rat PTH genes (Vasicek et a/., 1983; 
Weaver et at. t 1984; Heinrich et a/., 1984). The first exon of 
the PTH genes contain 5'-noncoding sequences. Exon II 
contains both the entire signal and sequences encoding the 
first four amino acid residues of the propeptide domain (Vas- 
icek et at, 1983; Weaver et al. t 1984, Heinrich et a/., 1984). 
Given the hypothesis that exons are organized into functional 
domains (Gilbert, 1978), this organization supports the hy- 
pothesis that the propeptide segment, necessary for accurate 
cleavage and efficient translocation, be considered as part of 
the domain of the signal sequence. Many other signal-encod- 
ing exons similarly include portions of pro-encoding se- 
quences. 

Deletion of the propeptide portion of prepro-PTH does not 
dramatically alter the kinetics of secretion of PTH-related 
peptides in GH4C1 clones expressing pre(Apro)-PTH. Thus, 
the processed PTH-sized doublet travels the secretory path- 
way with relatively the same kinetics as does normal pro- 
PTH. The rapid secretion of PTH peptides from the cells 
synthesizing pre(Apro)-PTH suggests that the pro-specific 
sequence is not required for efficient transport of the PTH 
molecule from the endoplasmic reticulum to the Golgi. 

Translocation of pre(Apro)-PTH through the membrane 
was less efficient than the translocation of wild type prepro- 
PTH in cell-free extracts. This result is particularly interest- 
ing and somewhat puzzling because the signal is unaltered in 
the pre(Apro)-PTH mutant peptide. The explanation for this - 
result is not obvious. Perhaps the efficiency of cleavage by 
signal peptidase is reduced; in that case, the uncleaved pre- 
cursor might fail to cross the membrane or even slip back into 
the cell-free equivalent of the cytoplasm. Alternatively," the 
propeptide may directly influence translocation by a mecha- 
nism unrelated to inefficient signal cleavage. 

One of the most striking alterations in phenotype of the 
pre(Apro)-PTH precursor is the use of alternate cleavage sites 
by signal peptidase. In an attempt to define >he ^features . 
present in the mutant precursor peptide that/might be* re.- 
sponsible for the use of the alternate cleavage site, ^the signal 
sequence was characterized by von Heinje's probabilistic 
method (von Heinje, 1986b). This method allows comparison 
of the mutant precursor to sequences of other characterized 
precursor proteins to predict appropriate cleavage sites. Since 
the residues bordering the alternative cleavage site are iden- 
tical in the mutant and normal peptide, there is.no difference 
m the calculated probability that the alternate site/ within 
the signal sequence, will be used. While the probability of 
cleavage at the alternate site is high for both peptides (data 
not shown), the alternate site is, in fact, only used in . the 
context of the pre(Apro)-PTH peptide. This site is used even 
though it is only 3 residues from the end of the hydrophobic 
core, outside of the cleavage window. Furthermore, -a second 
site with high probability, after the serine at position 3 in 
mature PTH, is within the window for cleavage, and is used 
in related mutants missing the last several residues of the 
signal sequence as well as the propeptide, 2 but not in the 
pre(Apro)-PTH precursor. 

Examination of the primary structure of the pre(Apro)- 
PTH mutant thus fails to completely predict its phenotype. 
It has been suggested (Perlman and Halvorson, 1983) that an 
alteration of 0-turn potential and interruption of helical do- 
mains may be important structural features in determining 
the site of signal peptidase cleavage. Secondary structure 
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predictions of the prepro-PTH molecule (Chou and Fasman 
1978) demonstrate that the pro-specific segment has no 
marked tendency to form secondary structure, either of the 
helix or 0-sheet type (data not shown). This possibly unstruc- 
tured region may be a preferred substrate for signal peptidase 
and/or may provide flexibility needed for efficient transloca- 
tion. Deletion of the propeptide juxtaposes the region of the 
predicted helix in the signal peptide near the helix in the 
mature PTH molecule (data not shown). Close approximation 
of these two helical regions may result in a change of confor- 
mation at the site of alternate cleavage that could lead to the 
use of the site unusually close to the hydrophobic core in the 
mutant precursor protein. 

Comparative studies of various signals (Perlman and Hal- 
vorson, 1983; von Heinje, 1983, 1986a, 1986b) have attempted 
to define the structural limits of the signal sequence. However, 
the nature of the role played by sequences downstream of the 
signal peptide on the secretory process remains unclear. Stud- 
ies with bacterial proteins have shown a variety of effects 
resulting from alterations of downstream sequences including 
inefficient cleavage (Russell and Model, 1981), inaccurate 
cleavage (Dierstein and Wickner, 1986; Abrahmsen et aL, 
1985), or no effect on processing (Haguenauer-Tsapis and 
Hinnen, 1984). Manipulation of sequences adjacent to signal 
sequences in eukaryotes had been infrequent. A major deletion 
in the beginning of the mature part of yeast acid phosphatase 
precursor resulted in minor impairment in processing in vitro 
(Takahara et al., 1985). Recent reports have shown deletion 
of propeptides from aprolipoprotein precursors can affect in 
vitro processing efficiency (Folz and Gordon, 1987) and choice 
of cleavage site (Folz and Gordon, 1986). The similarities of 
the abnormalities associated with the deleted forms of these 
precursors in vitro and prepro-PTH further support the sug- 
gestion that sequences immediately distal to the signal se- 
quence importantly influence signal sequence function. 
u We suggest that one role of the propeptide is to act as an 
adapter* between the signal sequence and the mature PTH 
molecule. Structure-function studies of PTH have demon- 
strated the vital role played by the serine at residue +1 of 
human PTH. Deletion of this serine residue or addition of 
another residue at position -1 dramatically decreases the 
bioactivity of PTH (Habener et al. f 1984). Since PTH acts by 
binding to cell surface receptors in several tissues Habener et 
al., 1984), we can conclude that PTH and its receptor have 
evolved together in a way that places- important constraints 
on the amino terminus of the mature PTH molecule. At the 
same time, the signal sequence of prepro-PTH had to evolve 
under the constraints dictated both by the requirements of 
signal peptidase and other roles played by the signal. Perhaps 
sequences needed at the amino terminus of PTH inevitably 
decrease the efficiency of translocation and accuracy of signal 
peptidase cleavage. The propeptide may therefore act in many 
proteins as an "adapter" when signal peptidase might other- 
wise cleave inefficiently, or might cleave in several sites or 
even solely at inappropriate sites. Implicit in such a formu- 
lation is a rejection of the alternative hypothesis that signal 
sequences can easily adapt to the constraints imposed by 
adjacent sequences. Experiments with further mutants of 
prepro-PTH and other secretory proteins will be required to 
better define these postulated constraints and the hypothe- 
sized limits of the adaptability of signal sequences. 

In summary, we have directly tested the functional conse- 
quences of alteration of sequences immediately downstream 
from the signal on various aspects pf signal function and on 
secretion from intact cells. We, of course, have not eliminated 
other potential roles for the pro-specific sequences. We have 
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established, however, that deletion of the prosegment of pre- 
pro-PTH results in reduced efficiency of processing and in 
ambiguity in the sites selected by signal peptidase for cleavage 
in vitro and in intact cells. The prosegment therefore contrib- 
utes to accurate and efficient signal function. 
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' We tranced Socles ^£^£3^ 

gene coding for a repressing cell surface J^J^S S * ^fcnal peptidase cleavage site. The wild-type 
5 ammo-add segment spanning or glycosylation, and outer chain 

gene product underwent proteolytic cleavage of ^PJ^JJJ « unprocessed protein. Tins 

gycos? ation. The deletion spanning the |^ jg^tEdi glycosylation was severely ^inhib. ML 
. Modified protein exhibited core glycosylation, "hereas^ oute m > |ated within the ce „. T he deletion 



Studies on the biosynthesis of.KcrW. proteins in pro. 
carvotes and eucaryotes have revealed that most oi .me 

synthSzed in vitro 
additional amino acids at *e NHr ermrn * ™ 
molecule (31). This t^»^ NHft««»Ml^ ns 

§») by binding to the signal recognition P^*"^ 

ed across the membrane of the ER, ana tne signal f^h 

SSdlofhigher eucaryotes 05). .with; J» > 

cations. Isolation and characterization of "~ us »™. 

perature-sensitive yeast secret ory J^JgS^JX, 

ecreSS P tt^ Sbably 'occurs during translation of 
by 8 the addition of outer <«gar St"c2 whkh 

p^m <?oTin the cell wall (4, 25). Moreover, some of 

*AUhougS StSches have significantly contribut- 
JS^SSJSg of the essential features of signal 
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Denudes in protein transport in Escherichia coli (17. 30), 

(PH05 and PH03) arranged in tandem (29 ), both of whicft 
code for proteins secreted to .the surface of the = ceU Jhe 
expression of the PH05 ^^5S£^* 
SSrOufS 253i ^ of the W05 gene . 

lumed processing site {Ball, M.;/ ^^ J* 
Fig. 1) enabled us to construct small deletions on ei he s.a 
of'the processing site- We .P^^J&S^i 
analysis of two deletions of PHOJ lAIMii * . ZZaim- 
SSSkSl beginning, respectively, before an imme*a« 
ly after the signal peptidase cleavage site We how 
processing, glycosylation, and secreUon of regulate a a . 
phosphatase are affected in the ABS mutant, ^ereas p e 
essing and secretion are normal in the AK mutant, 
result have been presented in part previously (19). 

MATERIALS AND METHODS 

Bacteria strains; E. coli HB101 ^^^fS 
was used for plasmid preparations. JM10 . 1 f %f 3 rO cl 3Jg. 
F traD36 proAB lacPUMM was used for M13 clonmg 

Yeast strain. Saccharomyces cerevmae GRF18 (a 
AijJ-/5 /eu2-5 feu2-7/2 canO was used. b 
- Bacterial vectors. The phage M13mp8 was constructed W 

J. Messing (27). „nmtt derivative; 

Hybrid bacteria-yeast vectors. p29 is a pBR322 denva 
the DNA segment between BamH\ and Pvull was replace 
by ™ 9-Slobase (kb) B-tfMTp-I fragment coggg 
WWW and PH03 (W. Bajwa, B. Meyhack, H. WW. 
A. M. Schweingruber, and A. Hinnen, submitted for paw 
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tion). The self-replicating vector pJDB207 was constructed 
by Beggs (5). 

Bacteria media. HB101 was grown in LB medium (29). 
JM101 was grown in YT medium containing (per liter) 
tryptone (8 g), yeast extract (5 g), and NaCl (2.5 g). 

Yeast media. YPD medium contained 2% Bacto-Peptone 
(Difco Laboratories, Detroit, Mich.), 1% yeast extract 
(Difco), and 2% glucose. Liquid minimal medium was based 
on Difco yeast nitrogen base without amino acids, to which 
2% glucose and the required amino acids (20 mg/liter) were 
added. Minimal medium plates and slants were made from 
the same medium, to which 2% agar was added. Low-Pj and 
high-Pi media were prepared according to the recipes of the 
above Difco medium with 2 g of asparagine per liter instead 
of (NH 4 ) 2 S0 4 and with 1 g of KH 2 P0 4 per liter (high Pj) and 
0.03 g of KH 2 P0 4 per liter plus 1 g of KCI per liter (low 
PJ. In the labeling experiments, the MgS0 4 * 7H 2 0 content 
of low-Pi medium (0.5 g/liter) has been replaced by 
MgCl 2 • 6H 2 0 (0.4 g/liter) plus MgS0 4 • 7H 2 0 (0.005 g/liter) 
(low inorganic sulfate Si medium). 

Construction of recombinant plasmids. T4 DN A ligase and 
restriction endonucleases except EcoRl (Boehringer Mann- 
heim Biochemicals, Indianapolis, Ind.) were from New 
England Biolabs, Beverly, Mass. These enzymes were used 
as described in the specifications of the suppliers. Restric- 
tion fragments were prepared by electrophoresis in low- * 
melting agarose (type Sigma VII). After excising the frag- 
ments from the gel, agarose was melted at 65°C, and geL 
concentration was diluted to 0.3%. Ligation was then per- 
formed after mixing appropriate amounts of the required 
restriction fragments. This mixture was directly used to 
transform Ca 2+ -treated (26) HB101 cells or to transfect . 
JM101 cells. Plasmid isolation was as described by Clewell 
(12). 

Yeast transformation. Yeast strain GRF18 grown in YPD - 
medium was transformed as described by Hinnen et al. (18). ^.^ 
Samples of the spheroplasts were suspended in 5 mi v of ;^ 
regeneration agar, plated on Leu" yeast minimal mediunV^ 
plates, and incubated for 4 days. Leu + trahsformanfs were 
then picked and stored on Leu" minimal medium slants. > 

Cell growth and derepression of acid phosphatase. GRF18' ir ; 
as well as transformants were grown overnight in minimst!^; - 
medium plus histidine (20 mg/liter) and leucine (20 mg/liter)** t 
(for the parent strain) or histidine alone (for the transfer- - 
mants). They were harvested and suspended at an optical 
density at 600 nm (ODeoo) of 0.05 (except in the case of Fig?i3. h * 
[ODeoo of 1]) in low-Pj or high-Pj medium (or low-P;, low-Sj : ;f% - 
medium for the in vivo labeling experiments) and further - 
grown overnight. Growth was stopped during mid-logarith- r 
mic phase (usually at an ODeoo of 1.5). w >; 

RNA preparation. Total cellular RNA from yeast strains 
was prepared as described by Meyhack et al. (29) from yeast 
strains grown and derepressed in low-Pj medium. 

Toluene treatment. Toluene treatment was performed as 



described by Serrano et al. (43), with slight modifications: 50 
u.1 of ethanol-toluene (4:1) was added to 1 ml of yeast cells in 
growth medium and then submitted to 5 min of vortex 
agitation (Multivortex; speed 6). Control experiments 
showed that the efficiency of permeabilization was indepen- 
dent of the amount of cells per milliliter. 

Acid phosphatase activity. Intact whole cells in growth 
medium, toluene-treated cells in growth medium, or super- 
natant growth medium was assayed for acid phosphatase 
activity as described by Toh-e et al. (47), with slight modifi- 
cations. The reaction mixture (0.5 ml) contained 0.05 M 
acetate buffer (pH 4), p-nitrophenylphosphate (0.45 mg/ml), 
and a suitable amount of enzyme (50 to 100 \jA of untrans- 
formed cells or supernatant medium and 2 to 10 u,l of 
derepressed transformed cells). The reaction was carried out 
for 10 min at 37°C and stopped by the addition of 0.12 ml of 
25% trichloroacetic acid, followed by 0.6 ml of saturated 
Na 2 C0 3 . When necessary, cells were removed by centrifu- 
gation before reading the absorbance at 405 nm. One unit of 
acid phosphatase activity is defined as the amount of enzyme 
which catalyzes the liberation of 1 nmol of p-nitrophenol per 
min at 37°C. 

Cell-free translation. Total yeast RNA (50 u.g) was trans- 
lated at 29°C in a nuclease-treated cell-free reticulocyte 
system (36) in a total volume of 50 |xl in the presence of 100 
|xCi of [ 35 S]methionine (New England Nuclear Corp., Bos- 
ton, Mass.), in the presence or absence of purified bacterial 
leader peptidase (40 u.g/ml), and in the presence of 0.12% 
Triton X-100 which helps the action of leader peptidase. 
After 45 min of incubation, 1 mM phenylmethylsulfonyl 
fluoride was added, and after 5 min, the samples were 
dissociated with 4% sodium dodecyl sulfate for 4 min at 
95°C. The dissociation mixture was cooled to room tempera- 
ture, diluted with 2.5 ml of Triton buffer (50 mM Tris- 
hydrochloride (pH 8), 140 mM NaCl, 5 mM EDTA, 1% 
Triton X-100), and further used for immunoprecipitation. 
• ' 'labeling of yeast cells. Yeast cells grown and derepressed 
*in;low ; -Pj, low-Si medium were harvested at an ODeoo of 1.5 
and suspended at an ODeoo of 15 in 40 mM sodium citrate 
-(pH 6)~ supplemented with 2% glucose and histidine (20 jig/ 
*ml): When indicated, tunicamycin (Calbiochem-Behrihg, La 
Jolla* Calif.) treatment was then performed by 30 min of 
"incubation at 30°C in the presence of 10 jig of tunicamycin 
per nil with gentle shaking. Labeling was performed by the 
addition of 500 p.Ci of [ 35 S]methionine per ml and by 
incubation at 30°C with gentle shaking. For subsequent 
chases, unlabeled L-methionine was added at a final concen- 
tration of 20 mM, and the incubation was continued. The 
-effectiveness of each chase in stopping further incorporation 
into proteins was checked as described by Reid et al. (38). 
Incorporation was stopped and cells were denatured by the. 
addition of 800 u.1 of 20% trichloroacetic acid to 200-jxl 
samples. Cells were immediately broken by vortexing them 
with an equal volume of glass beads (diameter, 0.5 mm) on a 
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FIG. 1. Nucleotide and amino acid sequences at the beginning of structural genes oiPHOS and its two deletions derivatives, ABS and AK. 
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Vortex mixer for 2 min at maximal speed as described by 
Ohashi et al (34). Preparation of the samples for immuno- 
precipitation was then performed as described by the same 
authors, with slight modifications. Denatured cells and glass 
beads were centrifuged, and supernatant was removed. The 
sedimented proteins were solubilized by adding 1 ml o 
twofold-concentrated sample buffer (4% sod.urn dodecyl 
sulfate, 0.1 M Tris-hydrochlonde (pH 6.8), 4 mM EDI A, 
20% glycerol, 2% mercaptoethanol, 0.02% bromophenol 
blue) The mixture was neutralized with 1 M Tns base and 
heated for 4 min in a boiling bath. The suspension containing 
denatured solubilized proteins was then carefully removed 
from the glass beads. The glass beads were hnsed sevenU 
times with Triton buffer. The rinses were combined with the 
first mixture and adjusted to a final volume of 20 ml (fina 
sodium dodecyl sulfate concentration, 0.2%). For immuno- 
precipitation of the supernatant medium, 200-p.l samples of 
labeled cells were centrifuged (2 min; Eppendorf centrifuge , 
and the proteins of the supernatant medium were precipitat- 
ed by the addition of 800 ul of 20% trichloroacetic acid and 
20 u.1 of bovine serum albumin (20 mg/ml). The resulting 
pellet was resuspended in 0.5 ml of twofold-concentrated 
sample buffer, neutralized by 1 M Tns base heated in a 
boiling bath for 4 min, and adjusted to a final volume of 10 ml 
of Triton buffer. - . , ... 

ImmunoprecipiUition. All Triton buffer samples resulting 
from cell-free translation or in vivo labehngwere incubated 
for 30 min at room temperature with .100 , ; |tl. of a 10% 
suspension of heat-killed and glutaraldehyde-fixed Staphy lo- 
coccus aureus cells and centrifuged for 20 min at 20,000 x * 
This step removed insoluble material and labeled proteins 
binding nonspecifically to bacterial -cells Th^pellet was 
discarded. Antiserum specific against purified acid phospha- 
tase was added to the supernatants (10 ul in the^case of in 
vitro samples and supernatant medium samples; 20 (J in tne 
case of total cells), and overnight incubation was^performed 
at room temperature. Fixed S. aureus cells' (10-fold the 
volume of antiserum) were added, and the suspension was 
shaken for 1 h at room temperature. The S... aureus cells_ were 
then centrifuged, washed four times with I;ml of Tntpn 
buffer, and extracted for 3 min at 95X ; jvith l50>l of sample 
buffer. S. aureus cells were removed;by^centrU>gation and 
the supernatant was analyzed by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis in' 10% po^y^f- 
Gel electrophoresis was performed as described by Douglas 
and Butow (14), and the dried gels, were analyzed by 
fluorography as described by Chamberlain (11). ' 
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ing the large DNA fragment. The new plasmid p29/ 
PHOJ/AK is characterized by a deletion of 42 base pairs (14 
amino acids). Deletion ABS was obtained by digesting 
plasmid p29 with restriction endonucleases Ball and ball 
the 3'-recessed ends of the Sail site were filled ih with 
Klenow DNA polymerase, and the resulting blunt ends of 
the large DMA fragment were ligated with T4 DNAhgase. 
This construction recreates a Sail restriction site. The new 
plasmid (p29//WM/ABS) has a deletion of 39 base pairs (13 
amino acids). The positions of the AtC and ABS deletions are 
Shown in Fig. 1. The ABS deletion removes three amino 
acids of the signal sequence, including the signal peptidase 
cleavage site and amio acids from the mature PHOS amino 
acid sequence. The AK deletion leaves the signal sequence 
and the signal peptidase cleavage site intact but removes 14 
amino acids from the mature PHOS protein. 
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RESULTS 



Construction of high-copy-number plasnwds carryiiig the 
PHOS gene with a modified signal sequence; Small deletions 
in the DNA sequence coding for amino acids of the signal 
sequence, the adjacent mature PHOS protein sequence , or 
both were used to analyze the involvement of this region in 
secretion and glycosylate. Figure 1 presents the nucleotide 
sequence at the 5' end of the PHOS coding region (29) as well 
as the derived amino acid sequence. The amino acids at the 
NH 2 terminus show features characteristic of a signal se- 
quence: there is a charged amino acid in position 3, followed 
by 14 neutral amino acids. The putative signal^ pep™aw 
cleavage site is between amino acids Ala l7 and Glyis (1> 46). 
Two deletions have been constructed in plasmid p29 wjucn 
carries the structural genes for PHOS and PH03 on a 
Bamm-Hpal fragment (see Fig. 2) with unique restriction 
sites (see Fig. 1). Deletion AK. was obtained by digesting 
plasmid p29 with restriction endonuclease Kpnl and religat- 
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FIG. 2. Construction of expression plasmid pJDB207//'^ 
(Bamm-Pstl). 
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ACID PHOSPHATASE SECRETION IN YEAST CELLS 



TABLE 1. Acid phosphatase activity of intact yeast ce „ 5 by ^ ^ ^ ^ 



Yeast 
strain 



Has mid 



Growth 
medium 



or deleted PH05 gene 



We introduced {he wild-type PHOS gene into the high- 

TewT^VoTJ^T^ 3207 (5) which ca ^« the 

Ae ihTpin^ B f mllhPstl fragment which 
the whole PHOS gene (promoter and structural gene) was 
isolated from plasmid p29 and cloned into M13mp8 (27) This 
; step results in the addition of a Hindlll site close to the Pstl 
site at the end of the gene (Fig. 2). The plasmid P JDB207 was 

iT? and HindUl and was then "g^ed with 

>wk X ^HI-W«dIII restriction fragment of M13mp87 
PHOS Plasnud P JDB207/P//OJ was used in the construc- 

°? l P i D JL 207/ ™ 5 Natives carrying the deletions AK 
2 0 " kb aaw «I-ft'I fragments of P 29/PH05/ 
AK and P 29/P/,Q5/ABS were isolated, and each was ligated 
to a mature of the two 6.1- and 6.8-kb Bamlil-Pstl frag- 
ments resulting from , complete BamUl and partial Pstl 
SfSm ° f f m * l07/p HO5: Transformation of E. coli strain 
HB101 and selection for Amp clones enabled us to obtain 
plasmids with the expected deletions (pJDB207//>#O5/AK 
and pJpB207//W«/ABS). Restriction map analysis of the 
two deleted plasmids confirmed the extent of the deletions 
and the presence or absence of the expected restriction sites 
(data not shown). ' 

Acid phosphatase activity in yeast ceils transformed with 
plasmids carrying PHOS and the PH05/MS. and Pff05/ABS 
deletions. The three plasmids bearing the PHOS gene, either 

Hti'P* 0t deletCd (AK ' ABS) ' were used t0 transform 
URF18, a Leu wild-type yeast strain for the phosphatase 
genes. Leu + clones were selected and tested for repressible 
acid phosphatase activity. None of the transformed strains 
exhibited any change in growth behavior. Acid phosphatase 
activity was measured in iniact cells, since the substrate p- 
mtrophenylphosphate has free access to the cell wall and the 
penplasmic space. The activity was increased in the pres- 
ence of any of the three plasmids, even aftergrowth in high- 
Pi medium (Table 1). This suggests that the concentration of 
some regulatory component is not high enough to repress the 
system when the PHOS promoter is present on a high-copy- 
number plasmid. Under derepressed conditions in low-Pj 
medium, the presence of the plasmids pJDB20i/PHOS and 
PJDB207//>/iO5/AK induced a 15-fold increase of acid phos- 
phatase activity. Under these conditions, acid phosphatase 
was estimated to represent ca. 5% of the total protein as 
based on the specific activity of the purified enzyme (41). 
Results also show that the ABS deletion led to a smaller 



Z ITS, f a . ct,v l y as compared with the wild-type gene or 
he AK deletion (Table 1). To determine whetherXs SStef 
S w f caused by an incomplete secretio J of the ABS 
m to.nl Pr0tC,n ' ,h ^ Cid P hos P hata « activity was measured 

o" morr nr rmeabllU K Cd CC11S - To ' u cne treatment * known 
to impau- plasma membrane permeability in E. coli (9) as well 
as in yeasts (43) and therefore leads to free access ofAe 
substrate to the cytoplasm. Transferrins were shifted from 
mimmal medium to low-P, medium, and samples were taken 
at various times to permit the measurement of enzyme 
activity , n intact whole cells, toluene-treated cells (Fig. 3A) 
and the supernatant medium (Fig. 3B). in the case of GRF18' 




0 13 3 4 5 6 



24 0 13 3 4 5 6 

Tim* ( hduri) 



FIG. 3. Acid phosphatase activity in intact or toluene-treated 
ceUs (A) and in supernatant medium (B) after derepression of yeast 
cells transformed with PHOS and ABS plasmids. GRF18 nontrans- 
formed cells (A, A) and cells transformed with PHOS (■, □) or ABS 
plasmids (•, O) were grown up to stationary phase in minimal 
medium, harvested, and suspended at an OD^o of 1 in low-Pj 
medium supplemented with histidine and leucine (20 jig/ml; untrans- 
formed cells) or histidine atone (transformed cells). Samples were 
withdrawn at various time points during derepression and tested for 
acid phosphatase activity of intact cells (A; closed symbols), or 
/? Iu 5 ne ' treated cells (A; open symbols). Samples were centrifuged 
(3,000 x g f 2 min), and acid phosphatase activity of the resulting 
supernatant was measured (B). At the end of the experiment, the 
ODsoo were 2.1, 2.3, and 2.2, respectively, for GRF18 control cells 
and cells transformed by PHOS and ABS plasmids. 
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the untransformed strain, and GRF18 transformed with the 
plLmid carrying the wild-type PH03 gene the aad pho ; 
Phatase activity of intact cells was identical to that of cells 
Stabilized with toluene (Fig. 

for strains transformed by the plasmid P J r DB , 20 J /PW £^ 
data not shown). However, in the case of cells transformed 
&?£XlDB207/P»O5/ABS. the acid P^^jc- 
tiviiy of intact cells was half that ^easured 1 m ^ene^reated 
cells Strains transformed by plasmid P JDB207/P//O5^1i^ 
therefore produce an active phosphatase, only half of which 
Teaches the cell envelopes even after 24 h of derepression. 
When GRF18 was transformed with the plasmid carrying the 
woKvoe gene ca. 25% of the acid phosphatase could be 
detected inthe supernatant (Fig. 3A and B). This result was 

shown). On the other hand, the ABS deletion led to a drastic 
decrease in the activity measured in t h „ e n s "P erna ^ ucts ln 

Processing of wild-type or deleted PH05 
vivo and in vitro. The defect in secretion observed in he ABS 
deletion mutant was analyzed at the mo ecular leveL Total 
RNA was prepared from the yeast strains transformed by 
plasmids caVry^g wild-type or deleted PH05 genes. In vitro 
SSSon p7oducts were analyzed after '^m^^ 
tion with an antibody reactive against acid Ph?fphatese, 
followed by sodium dodecyl sulfate-polyacrylamide gel elec 
ro^noresis and fluorography. The relative molecular mas 
observed for the in vitro PH05 gene product (Fig. 4, ane ^ 
was ca 58 kilodaltons (kDa) which corresponds to the w- 
E polypeptide observed by others (7 40). Both estimates 
are slightly higher than those deduced from the DNA se- 
quence f (1; Bajwa et al.. submitted for publication). The AK 
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FIG 4. In vivo and in vitro processing of PH05. AK, and ABS 
gene products. Total RNA of transformed yeast cells grown and 
depressed as described in the text was translated m a nuclease- 
ieated reticulocyte lysate in the absence (-) or presence W of AO 
ug of purified E. coli leader peptidase per ml. In 
proteins were submitted to immunoprecip.tat.on f°«° wed bv J °£ 
urn dodecyl sulfate-polyacrylamide gel ^«™P ho ff™? 2 
raphy. Yeast cells grown and depressed m low-P,, ^-^JT 
Were treated by tunicamycin and labeled in v.vo for 30 mm m the 
wesence of 500 nCi of [»S]methionine per ml. Labeled cells were 
submUted to trichloroacetic acid precipitation and '^""0^'^ 

ton as described in the text (lanes T). Arrows at top and bottom 
indicate origin and fron. of the gel. respecuvely. The 
molecular weight standards are indicated by arrows on the left side 
of the figure. 
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FIG. 5. Immunoprecipitation of acid P^Phatase ^ er 
chase labeling of intact yeast cells transformed ? 
Dlasmids. Yeast cells grown and derepressed n low-Pi, low-S 
SS were submitted to a 5-min pulse labeling ; m th< : presence £ 
500 uCi of [ J3 S]methionine per ml, followed by a Qnase_m he 
nresence of 20 mM unlabeled methionine for the Umes imhcated 
K each lane. Samples (200 »U> of total cells plus labehr, 5 medium 
were submitted to trichloracetic acid prec.p.UiUor. and .mmwnop e- 
cipitation. Lanes 1 to 6. W/05-lransformed cells; 
ABS-transformed cells. Arrows are as denned in the.legend to big. 



and the ABS in vitro products (Fig 4, lanes 4 -and?) are bo*. . 
56 kDa i.e., ca. 2 kDa smaller than the wild-type in vitro 
product; thh corresponds with the reduction ( predated by 
the DNA sequence. The intensity of the signal i obtained by 
Enunopredpitation reveals that the amount of tragauble 
RNA specific for acid phosphatase is « mila U" J^gwv 
transformed strains. In comparison the "S^ggg:, 
the in vitro product of RNA prepared ^.^SgS 
untransformed strain was ca. 20 tows less gcn^ ng 
shown) and was not detectable under the ^permientai 
conditions described in the legend to Fig. 4 -'T;- -.v'^ ' • , 
In vivo proteolytic processing in all thre^ transfprmed 
strains was studied in yeast strains labeled in thepre^eo 
tunicamycin, a compound which prevents iy-asparagine 
Unked gjycosylation of proteins (45) 
processing of secretory proteins (13). Jtegg&MW? 
product was ca. 2 kDa smaller than the PH05 .in l vitro- 
Sated product (Fig. 4, lane 3). Only trace amounts of he 
SSa protein were detectable. Cells transform^ Jhe 
PHOi/AK gene synthesized two P 01 ^.^^*^'^. 
9* One of these showed the same mobility as the corre 
Ending! vitro product (56 kDa) and 
kDa smaller (54 kDa). In v.vo and in vjlro ABS pr^ 
(Fig. 4, lanes 6 and 4) exhibited identical mobd ties. The^ 
results may reflect complete, partial, and defective proteo- 
ytk processing, for the wild-type PH05 and AK and ABS 
polypeptides, respectively, which were formed in v.vo nr the 
presence of tunicamycin. A confirmation , of these res* 
was obtained by in vitro processing with punned E . ca 
leader peptidase (49). This enzyme removes the sign 
peptides from a wide variety of preprotems ,n bacter a an 
some preproteins in eucaryotes. The prese nee of leao 
peptidase during in vitro translation led to tota^ partial 
no proteolytic processing, for wild-type PH05 AK 
ABS in vitro products, respectively (Fig. 4; lanes 2, 8, an 
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transformed with PHOS o ABS ntt "5 " p ?, nmem .«* veastfcells 

min and then chLeTSh libeled T,h- Ce " S "7 labeled ? or 5 
legend to Fis 5 AtihTtim.T abe ed , T" 1 . 10 " 1 ™ M described in the 

pJncM»| ,yC0Sy,all0n 0f over Produced wild-type ^oKirid' 
tt/05/ABS gene products. The effect of the ABS mutatiorfbrT ■ ; 
me glycosylation pattern of acid phosphatase was Vstiid'ied ; 

abm? labelin 8- CeUs transformed by wild-type PHOS- ■ 
and PH05/ABS I plasmids were derepressed for acid phos- . ' 
phatase and submitted to a 5-min pulse in the presehce^f- 
I ^methionine, followed by a long chase with, unlabeled- 
methionine (up to 90 min). Immunoprecipitation waipef-'' 
formed in parallel on whole cells (Fig. 5) and. bn~ the > 

fTl^i 3 " 1 (Fig - 6 ' lanes 3 to 10 >- The sa "ie culture was aisd- 
tobeled for a period of 90 min (Fig. 6, lanes 1 and 2>: f he 5' 
min labeling of iWW-transformed cells led to an accumula^ ' 
uon of unprocessed and unglycosylated acid phosphatase (58" ' 
5 - Iane D; Processed and unglycosylated enzyme- 
(56 kDa) was hardly detectable. At the beginning of -the 

£\ « , iscrete bands of incrca sing molecular weight - 
up to 80 kDa) were clearly observed, this suggests various 
n ff 6 ,V" C ^ e f^syfct'on- As the chase progressed, the 
quantity of both unprocessed and core-glycosylated immu- 
noreactive polypeptides decreased, whereas high-molecular- 
weight species (100 to 140 kDa) showed a concomittant 
increase. These high-molecular-weight species most proba- 
n « c °7"P° nd t0 outer chain glycosylated polypeptides 
If a Although verv low amounts of the 56-kDa protein and 
or degraded proteins were detected by immunoprecipitation 
h ' 6, lane 1), the kinetics of the overall process suggest 
nat the uncleaved unglycosylated polypeptide might be the 
ESSS?™" the 8 lvcos y la ted polypeptides. Only the 100- to - 
JW-kDa species were excreted into the medium in which 
"ley appeared after 23 min of chase (Fig. 6, lanes 3 to 7) 
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Glycosylation and secretion nfAB«^i , j • , 
tase were significant! S,?^ ^ pho, »**- 
events with the wild-type D rorr?„ IT - he . corre sPonding 
only led to the format Su, ? nnl 5 ? W l3beling of ««* 
polypeptide (Fig. T ane 7) r " Un g lvc °sylated 
progressive dec^Stensif'^^" 6 " 1 Chase led * a 
Peptide band, with an Tncrease n / f^wylated poly- 
pes of mainly 80 kDaTS 5 * ^ ^ycosylated polypep- 

proteolyticaUy degraded materi,."" 8 * 12) ' ^ of 
PHOS case. For ffSSSgi^ m f uch ■?» *** in the 
fore, the 56-kDa poly£pti£^ ceI,s ' there- 

the 80-kDa specie? S Lf P f^ 35 the P r «ursor of 
barely detectable n ^pS^S? 1 P^P^es were 
lanes 7 to 12) but wer^i-, . • . ase ex P«nment (Fig. 5 
(Rg. 6, lane S^^^.^'^^W 
rangeof molecular weTghTs H20 by 3 narrowe ' 
wild-type glvcoDrotPinc u • u a) ,nan the corresponding 

acid phosphatase Sa^t^S^, 3 Wi,d - ty P e 
PH05 gene. However, this would JT C ° Py of ,he 
relative abundance of these ban^^ 81 ^" 1 V th the 
Period, the apparently narrow I \ '° ng ,abelin 6 

weights, the absent of excreti^ 8 of^ the ' r m ° ,ecu,ar 

DISCUSSION 
We have transformed the yeast orpaniem c 

with a high-copy-number plasm d cSH^ 
Phosphatase gene (PHOS) either mTXIS^S^ 

SnCotidTTh 1 ^ 0rmS Wi,h SmaU del ^" « n-tS 

/casi invenase (10, 37). In vivo labeling of veast strain* 
carry,ng multiple copies of the wild-type Wo5 

' nrLi ^" 1 f0rmati0n of a 58-kDa^pblype P tide which 
EhosSi rePreSemS thC un P~ c ««d a^nSycosS Ud 
fs Z ^dS n r r f r P ^ Ptidc - This ?8-kDa preprotein 

' mvc n Tht L ? af,C , r ' nh,b ! t,0n of ^ycosylation by tunica- 
te nmt'Jn , , , nUS , UiU SmCe in the case of secreted eucaryot- 
o Recede C c 0 ^ anslat,on 1 al proteolytic processing is beloved 
Dho/nh a t»!. com P Ietlon (2D- The presence of acid 
phosphatase preprote.n is probably a consequence of an 

: so^rr f ? , C K Pr ° tein ' lead '" g 10 theTturation of 

-»i Vh -°. proces . sin 8 °y bacterial signal peptidase under 
appropriate experimental conditions was found to be effec- 

SwaSSS^^ 05 ^ ^P^. ineLtive for 
PHmi/M^2?%* Polypeptide, and partiaUy effective for 
2fK d PolypepUde. This bacterial enzyme has 
already been shown to be capable of cleaving some eucary- 

r a naS e,nS (4 « 9) - ReCent,y ' A has 3,50 bc«=n shown^t 
cmcal v PCC,fiC 3gmnSt b3CteriaI leader P e P Ud ase spe- 
cifically recognizes a yeast microsomal protein (39). The 

feauence^f" ° t t ° f the Wild " type gene ^ the amino acid 

deava/e £ C K 3tUre Pr0tein (1 ' 46) su «« est the 
cieavage site lies between amino acids 17 and 18 This is 

SSS ^ of leader peptidase to cleave the 
Polypeptide, which still possesses the 
nrst 14 of the 17 signal peptide amino acids, and is also 
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consistent with its ability to cleave the /7/05/AK-coded 
protein whose deletion begins at two amino acids after the 
putative cleavage site. Although these results do not specify 
exactly the features which characterize a signal peptidase 
cleavage site, they do suggest that one essential feature for 
specific cleavage resides in the five amino acids which 
separate the beginning of the two deletions. Of these, the 
alanine at the carboxy terminus of the signal peptide may 
play a critical role: it is in this position in numerous other 
signal peptides (30). The reduced efficiency of cleavage of 
the signal peptide displayed by the AK deleted protein 
suggests that the beginning of the mature protein sequence 
participates in the interaction between nascent acid phos- 
phatase, and signal peptidase as has been shown for an M13 
coat protein mutant (30). 

Within the first 5 min of in vivo synthesis, ABS deleted 
protein exhibits an increase of molecular weight from 56 kDa 
up to 80 kDa. As in the case of wild-type protein, this 
increase is completely prevented by tunicamycin, an antibi- 
otic that blocks W-asparagine-linked glycosylation by inhib- 
iting the formation of dolichyl-N-acetyl-glucosaminylpyro- 
phosphate. Therefore, ABS deleted protein, which still 
contains two-thirds of the hydrophobic portion of the signal 
peptide, undergoes core glycosylation. This probably re- 
flects the ability of the mutated protein to cross the ER 
membrane, since N-asparagine-linked core glycosylation is 
thought to occur on the cisternal surface of the ER (20, 44). 
This situation is very different from that observed with an 
influenza virus hemaglutinin lacking either 11 amino acids 
from the 16 amino acids of its signal peptide (42) or the whole 
. signal peptide (16). In these cases, an intracellular accumula- 
tion of unglycosylated forms of these deleted proteins has 
been demonstrated. 

In the ABS deletion, the absence of cleavage of the signal 
peptide severely impairs outer chain glycosylation and leads 
to an incomplete secretion of the protein: 50% of the mutated 
protein is found as an active enzyme inside the cell, even 
: after 24 h of derepression; the other 50%, however, is 
secreted to the cell surface, although in a form which cannot 
: cross the cell wall. This result is compatible with the 
observation that, in E. coli, half of a mutated prolipoprotein 
in which the signal peptide is^ not cleaved still reaches its 
destination in the bacterial outer membrane (23, 24). In this 
case, the absence of removal of the signal peptide leads to a 
decrease in the rate of secretion. Establishing whether this is 
also the case for the ABS deleted acid phosphatase shou d 
further our understanding of glycoprotein export as should 
the precise localization and characterization of the extracel- 
lular and intracellular forms of the ABS deleted proteins. 
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Roles of the signal peptide and mature domains in the secretion and 
maturation of the neutral metalloprotease from Streptomyces cacaoi 
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The neutral metalloprotease (Npr) of Streptomyces cacaoi is 
synthesized as a prepro-Npr precursor form consisting of a 
secretory signal peptide, a propeptide and the mature metallo- 
protease. The maturation of Npr occurs extracellularly via an 
autoproteolytic processing of the secreted pro-Npr. The integrity 
of the propeptide is essential for the formation of mature active 
Npr but not for its secretion [Chang, Chang and Lee (1994) 
J. Biol. Chem. 269, 3548-3554]. In this study we investigated 
whether the secretion and maturation of Npr require the integrity 
of its signal peptide region and mature protease domain. Five 
signal peptide mutants were generated, including the substitution 
mutations at the positively charged region (mutant IR6LE), the 
central hydrophobic region (mutants GI19EL and G19N)' the 
boundary of the hydrophobic core-cleavage region* (mUtant 
P30L) and at the residues adjacent to the signal peptidase cleavage 
site (mutant YA33SM). All these lesions delayed, reexport : 
of Npr to the growth medium and also resulted in a 2-10-fold 
decrease in Npr export. The most severe effect was noted in 
mutants GI 19EL and P30L. When these signal peptide mutations 



were fused separately with the propeptide lacking the Npr mature 
domain, the secretory defect on the propeptide was also observed, 
and this impairment was again more severely expressed in 
mutants GI19EL and P30L. Thus the Npr signal peptide seems 
to have more constraints on the hydrophobic core region and at 
the proline residue within the boundary of the hydrophobic core- 
cleavage site. Deletion mutations within the C-terminal mature 
protease domain that left its active site intact still blocked the 
proteolytic processing of mutant precursor forms of pro-Npr 
although their secretions were unaffected. These results, together 
with our previous findings, strongly suggest that the signal 
peptide of Npr plays a pivotal role in the secretion of both Npr 
and the propeptide, but not in the maturation of Npr. On the 
contrary, the integrity of mature domain and propeptide is not 
critical for secretion of the Npr derivative but is essential for the 
" formation of a functional Npr. Therefore the secretion and 
maturation of Npr are dependent on the integrity of the signal 
.peptide, propeptide and mature protease domains, and the roles 
of these domains in this regard are functionally distinct. 



INTRODUCTION '^K^X 

Virtually all prokaryotic secretory proteins dcstin^*foiScxt^V- : : 
cellular or membrane compartments are characterizedibyrthe r 
presence of a signal peptide or leader sequence lcn:ateAat%e N--.' 
terminus, although some internal signal peptides'"e£st^V2].; • 
Analyses of a large number of the signal peptides reveal certain 
common structural features [2]: (1) all possess from one ta three • 
basic residues at the N-tenninus followed by a hydropfibfic ... 
segment of 10-18 residues; (2) residues capable of forming v ; 
turns (e.g. proline and glycine) are often near the C-terminal end - ' 
of this hydrophobic sequence; (3) specific residues ^th.^riiall 
side-chains (e.g. serine, alanine and glycine) immediately'pre- . 
ceding the cleavage site constitute a recognition site for the signal 
peptidase. The relative importance of these structural features in 
secretion and their interactions with the components of the 
secretory apparatus of the cell have been the subject of extensive 
studies, largely in Escherichia coli (reviewed in [l^t]). In com- 
parison, however, the secretory mechanisms of Gram-positive 
bacteria such as Bacillus or Streptomyces have received insuf- 
ficient characterization. Few signal peptide sequence mutants in 
these two genera have been reported [5-8]. 

Our laboratory has been interested in the secretory system of 
Streptomyces. We have chosen MelCl in the melanin gene 
(melC) operon and neutral metalloprotease (Npr) as model 



systems for the study of Streptomyces secretory proteins. MelCl 
has an N-terminai signal peptide sequence acts as the 
molecular chaperone for apo tyrosinase, (MelC2); it has a dual 
role in secretion and /ra/w-activatiori of app-tyrosihase [8-11]. 
Npr is a neutral metalloprotease of Strepipmyces cacao/. [12] and 
is synthesized as a precursor protein :(pfepr6-Npr) consisting of 
an N-terminal signal peptide (34 residues)" followed by a pro- 
peptide (171 residues) and a mature . protease domain (345 
residues) [12,13]. This protease has zinc- binding ligands located 
at His-202, His-206 and Glu-240 residues of the mature protease 
domain that are indispensable to the protease activity and 
; proteolytic processing of the pro-Npr derivative [13], On the 
basis of our previous studies [13,14] we" propose a model (Figure 
1) for the extracellular secretion and maturation of Npr. Our 
assumption is that the signal peptide guides the prepro-Npr 
precursor to pass through the membrane via the regular co- or 
post-translational transport route (step 1). During translocation 
the signal peptide of the prepro-Npr is removed by signal 
peptidase, resulting in the release of pro-Npr into the medium 
(step 2). Soon after arrival in the medium the propeptide 
promotes the correct folding of the Npr mature domain to 
acquire the active conformation, which then subsequently cata- 
lyses the autoproteolytic cleavage of pro-Npr propeptide (step 
3). The released propeptide is further degraded, to form the 
mature protease (step 4). This maturation mechanism is sup- 



Abbreviations used: melC, melanin gene locus; Npr, neutral metalloprotease; npr, gene encoding Npr; prepro-Npr (p60), preproenzyme of Npr; pro- 
Npr (p57), proenzyme of Npr; Pro, propeptide of Npr; TSB, tryptic soy broth. 
* To whom correspondence should be addressed. 
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ported by the detection of pro-Npr in the medium of cells 
harbouring a mutant npr gene defective in the'zinc-binding site 
[131 However, in the cells harbouring a wild-type npr gene only 
the mature Npr can be detected in the medium [12-14], suggesting 
;that the processes of propeptide-mediated folding and auto- 
processing of pro-Npr occur spontaneously. 

An important feature of this model (Figure 1) is the in- 
volvement of the propeptide region in the maturation and 
secretory pathway of Npr. Earlier work conducted in our 
laboratory on the role of propeptide in Npr has shown that its 
complete removal inhibits the production of functional Npr. 114J. 
Partial deletion of the propeptide region while leaving an intact 
mature Npr sequence resulted in the . secretion of inactive, 
apparently unstable, truncated forms of pro-Npr [14]. Thus the 
integrity of the propeptide is essential for the maturation and 
correct processing of Npr but not for the secretion of Npr or its 
derivatives. This feature distinguishes the mechanism of matur- 
ation and secretion of Npr from those , of subtilisin and the 
thermolysin-like neutral protease of Bacillus. In subtilisin the 
folding and the secretion functions of the propeptide sequences 
are not separable, because only properly folded and processed 
forms of subtilisin are secreted efficiently [15,16]. In the neutral 
protease of Bacillus cereus, the intact propeptide region is not 
necessary for the processing of B. cereus neutral protease 
precursor [17]. Therefore the protein export and maturation ot 
these three proteases of Gram-positive bacteria seem to be 
considerably different with regard to the role of the propeptide. 

Apart from the role of the propeptide, the relative importance 
of the mature domain and the signal peptide in Npr maturaUon 
and secretion remains unknown. It is also unclear to what extent 
transport of the precursor of Npr shares mechanisuc features 
with the transport of the precursor protein to the periplasm ot 



Gram-negative bacteria, which in general is signal-peptide- 
dependent and requires that the nascent protein be in an unfolded 
state [18,19]. It is also important to know whether the signal 
peptide sequences in these two streptomycete proteins, MelCl 
and Npr, have the same features in regard to their export 
function. Previously we reported the effects of mutations in the 
MelCl signal peptide on its secretion and f/wu-activation 

functions [8]. , ' _ . 

In this study we examined the effects on the maturaUon and 
secretion of Npr by various mutations within the signal peptide 
sequence and mature region. Our results indicate that the integrity 
of the Npr signal peptide is crucial for the secretin of Npr and 
the propeptide. However, the integrity of the mature domain is 
not required for secretion of the Npr derivative, but is essential 
for the maturation of a functional Npr. 

EXPERIMENTAL 

Bacterial strains, plasmids, culturlng conditions and recombinant 
DNA techniques 

Streptomyces lividans TK64 (pro-2, str-G) [20] was the host for 
harbouring and expressing the cloned npr gene. The Streptomyces 
plasmid pSP105 harbouring the cloned npr gene has been 
described previously [13]. Plasmids pMULl and 1 pMUS were 
constructed by subcloning the 5.4 and 0.93 kb Pstl-Sacl frag- 
ments of P SP105 respectively into the corresponding sites on 
vector pUC19 [14]. pSelect-BS carrying the 0.38 kb Bamm-Sacl 
fragment containing the signal peptide and propeptide regions of 
npr gene was constructed by inserting this fragment into the 
corresponding sites on pSelecf -1 (Promega). Plasmids pVU1200 
and pVU5100 were generated by inserting the 1.2 or 5.1 kb Pvull 
fragments of pSP105 into the Pvuil site of the vector pUC19 
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Charged region Hydrophobic region Cleavage site 
Wild type Impmfri RLP^ P AALIAAGGIGACIATVAVP SAY AAA P 



IR6LB MFMFRLELPKPAALI AAGGIGACIATVAVP SAYAAAP 

GI 1 9EL MPMFRIRLPKPAALIAAGfiLGACIATVAVP SAYAAAP 

G19N MFMFRX RLP KP AALIAA^JG I GAC XATVAVP SAYAAAP 

P3 OL MPMFR I RLP KP AALI AAGG I GAC lATVAVXtS AYAAAP 

YA33SM MPMFRI RLP KPAALI AAGGIGAC IATVAVP SA^JJAAP 

Rgure 2 Sequence of the wild-type and mutant signal peptides of Npr 

The amino acid sequence of the wild-type Npr signal peptide is shown as standard single-letter 
abbreviations. The N-terminal positively charged region is boxed. The asterisks indicate the 
hydrophobic core region. The arrow marts the cleavage site by signal peptidase [13]. The 
residues substituted in each mutant are underlined. 



respectively [13]. Culturing and gene manipulations of E. coli and 
Streptomyces were by the methods of Sambrook et al. [21] and 
Hopwood et al. [22]. 

Site-specific mutagenesis of the signal peptide region of npr 

The oligonucleotide-directed site-specific mutagenesis of the npr 
signal peptide sequence was performed on plasmid pSelect-BS ? 
using the Altered Site In Vitro Mutagenesis System (Promega 
Co.) in accordance with the specifications of the manufacturer. 
Oligonucleotides (designated by the position of the mutated 
amino acid and the amino acid before and after the mutation) are 
listed below. Mutated bases are shown in bold, and new 
restriction sites created after mutation are also indicated. 

IR6LE 5'-TTTCGGCAACTCGAGTCGGAACAT-3' 

Xhol 

GI 1 9EL 5--ATGCAGGCGCCGAGCTCGCCCGCCGC-3' 
GI9N 5'-AGGCGCCTATGTTGCCCGCCGC-3' 
P30L 5'-AGGCGGACAGTACGGCG-3' 
YA33SM 5'-CGGGGGCGGCCATCGATGCGGACGGTAC-3' 

C/al 

The BamHl-Sacl fragment (0.38 kb) encoding the mutated 
residues in pSelect-BS plasmid derivatives was excised and used 
to replace the corresponding segment on pMUSl to generate a 
series of mutant derivatives of pMUSl (pMUS-IR6LE, pMUS- 
GI19EL, pMUS-G19N, pMUS-P30L and pMUS-YA33SM). 
Each 0.93 kb Pstl-Sacl fragment on these pMUS derivatives 
was isolated and ligated with the 5.4 kb Pstl-Sacl fragment of 
pMULl to generate the mutant derivatives of pSP105 (pSP105- 
IR6LE, pSP105-GI19EL, pSP105-G19N, pSP105-P30L and 
pSP105-YA33SM) carrying the designed mutations in the signal 
peptide of Npr (Figure 2). 

Deletion mutagenesis of the mature region of npr 

To construct pSP105AC, the 81 bp Seal fragment at the 3' end 
of the npr gene was deleted, resulting in an excision of the 27 
residues at the C-tenninus of the Npr mature domain (Figure 3). 
To construct pSP105AM, an Xbal amber linker (BioLab) was 
introduced into the unique Smal restriction site of plasmid 
PVU1200 [13], and the 1.2 kb Pvull fragment of the resulting 
plasmid pVU 1200AM was recovered and ligated with the 5.1 kb 
Pvull DNA fragment of pVU5l0O [13]. In pSP105AM the 
expected Npr derivative contained 284 residues of mature domain 
in addition to the signal sequence and propeptide region, followed 



by an additional four residues (Pro-Ser-Leu- Asp) from the linker 
region at the C-terminus of the protein (Figure 3). To construct 
PSP105AD, plasmid pVU1200 was treated with restriction en- 
zyme Drain and repaired by T4 DNA polymerase. The 1.02 kb 
Pvull fragment of the resulting plasmid P VU1200AD was excised 

a w1rc?; h A gated " With 51 kb ^ Mn fra «™°t of plasmid 
PVU5100 to produce plasmid pSP105AD. This construct was 
expected to produce the fusion protein containing the Npr 
mature domain's N-terminal 42 residues, followed by an out-of- 
frame polypeptide sequence of 162 residues (Figure 3). 

Construction of mutated secretory expression plasmids for 
propeptide 

To construct the plasmids for directing the propeptide secretion 
by the mutated signal peptides, a similar strategy as described 
prev 10 usly for the construction of secretory plasmid for the 
propeptide region was used [14]. Briefly, the 0.93 kb Sacl-Pstl 
fragment of each corresponding signal peptide mutant derivative 
of pMUS (pMUS-IR6LE, pMUS-GI19EL, pMUS-Gl9N 
and pMUS-P30) was ligated to the 5.4 kb Sacl-Pstl fragment 
of pSP105-Pro [14], resulting in pSP6LE-Pro, pSP19EL-Pro 
pSP19N-Pro and pSP30L-Pro. 

Preparation of the ~ antiserum against pro-Npr 

To overexpress ^;P£opieptideJn £. coiijot use in the antigenic - 
generation of- anTiserum^ the Expression plasmid pET25b-Pro 
was constructed. The" DNA segment that encodes for the pro- 
Npr region was amplified by;PCR with the primers PS (5'- 
CGTACCGTCCGCCTCCATGGCCGCCCCCGCCCCG-3') 
and END (5'-CTCGGTACCCGGGCTAGCGTACTGGATG- 
GTGTGG-3'). The amplified fragment encompassed the 
complete region of pro-Npr and also contained Ncol and Nhel 
sites at the 5' and : 3-en'ds of the fragment respectively. This 1 .5 kb 
PCR fragment was cloned intofthe Smal site of pUC19 and re- 
excised as an iVcoI^Ael . fragment and inserted into the cor- 
responding sifes^of Sykb E. coli expression vector pET25b(+) 
(Novagen Co'^ife^nerate trie plasmid pET25b( + )-proNpr ' 
(His). Then the'5^A>nI (0.74^) fragment of pMUL-Pro [14] . 
was used to feplace r the corresponding fragment in pET25b(+> 
proNpr (His)" to'pr^Sce plasmid pET25b-Pro. In this construct 
the translation stop cpdon was introduced into the last codon of 
the propeptide'; - therefore an E. coli strain harbouring this 
expression construct* produces the propeptide directed by the 
pelB leader sequence^ after induction with isopropyl yff-D-thio-- 
galactoside [23]. fr cbli strain BL2i harbouring this expression 
construct was cultured overnight in Luria-Bertani medium and 
induced for 3 h at 37 °Cwith 1 rriM isopropyl ^-D-thiogalactoside 
before harvest. The expected pelB-propeptide fusion protein 
(molecular mass 24 kDa) was separated on SDS/PAGE, and the 
protein band was sliced, eluted and used as antigen for the 
immunization of rabbits. 

Purification of Npr from signal peptide mutants, and assay of Npr 
activity 

The mature Npr was purified from the culture medium of S. 
lividans TK64 harbouring various pSP105 derivatives essentially 
as previously described [12]. Briefly, S. lividans were cultured in 
R2YE/starch liquid medium for 24-36 h [13]. The acetone- , 
concentrated pellets of crude supernatants of media were dis- 
solved in 50 mM sodium citrate buffer, pH 5.2 (buffer A), and 
then applied to a Fractogel CM TSK650(s) ion-exchange column. 
After washing with 130 mM NaCl in buffer A, the bound Npr 
was eluted by 0.15 M NaCl in buffer A. 
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Figure 3 Schematic representation ol deletions In the mature domain of Npr 

The solid line at the top represents the coding sequence of the wild-type mature Npr. The asterisks indicate the regions coding for the active sites of Npr [13]. In the three deletion mutants shown, 
the dotted line represents the deleted portion of Npr. mature region and the chequered bar indicates the frame-shifted region after position 42. The open bar in AM indicates the commercial amber 
linker region. The amino acid numbering is relative to the N-terminus (+1) of mature Npr. The sizes of the truncated Npr forms are indicated at the right (aa, amino acids). The nature and position 
of the residues at the junction of deletion or frameshift in each mutant are also indicated. 



The phenotype of Npr was examined by the clear zones on 
R2YE agar [24] containing 2% (w/v) casein [13]. The protease 
level in liquid tryptic soy broth (TSB, Difco) culture supernatant 
was measured by using Azocoll (Sigma) as substrate [12,25]. One 
unit of protease actiyit^was defined, as pre reported [25]. 

Western blotting ' r -^5^^\. \ - J 

Rabbit antibodies against Npr (35 kDa) and pro-Npr (57 kDa) 
were prepared asHescribed elsewhere [13]. Antiserum against the 
propeptide of Npr (Pro) was prepared as described above. 
Proteins separated by SDS/P AGE were electroblotted on a 
nitrocellulose filter (Schleicher and Schuell) with a Bio-Rad mini 
trans-blot apparatus. Antigens were detected by anti-Npr, anti- 
pro-Npr [13] of :; ant^ Goat anti-rabbit IgG 

conjugated with' horseradish peroxidase (Bio-Rad) was used as 
the secondary ^ antit>6dy; l and : chromagenic development was 
performed as previously described [14] ; 

results . ,^:^'^ t ;::: : 

Altered signal peptide 'sequence affects the secretion of Npr 

The N-tenninai;34^|du6s of prepro-Npr exhibited a typical 
prokaryotic signahp^ptide": three positive charged residues (Arg- 
5, Arg-7 and Lysrjp)lfojlowed by an 11 -residue hydrophobic 
stretch (Ala-12 to ^a^^ and. a.small side-chain amino acid at 
the putative sign^^^tid^^cleavage site (Ala-34 and Ala-35) 
[12,26] (see also Figure ^. To elucidate whether mutations in the 
signal sequence would affect the secretion and maturation of 
Npr, five individual mutations were generated in the signal 
peptide (Figure 2; see the Experimental section for construction 
of mutants). In IR6LE the net charge on the N-terminal basic 
region was decreased from +3 to + 1. In GI19EL and G19N a 
negatively charged (GIu) or a neutral polar (Asn) residue was 
incorporated into the central portion of the hydrophobic region 
to shorten the hydrophobic length. In P30L the proline residue 
that supposedly breaks the hydrophobic core a-helix structure 
[26] was replaced by leucine. In YA33SM the Tyr-Ala dipeptide 
upstream from the processing site was altered to Ser-Met. 

When examined for the Npr activity on casein plates, all 
mutants displayed positive results (results not shown). However, 
the use of Azocoll as the assay substrate for secreted Npr in 
liquid broth revealed different profiles of protease activity among 
these mutants and the wild-type (Figure 4). Although the onset 
of extracellular protease production in all strains examined 



exhibited a strong correlation with cell growth, the wild-type 
strain secreted Npr much earlier (12-18 h culture). The 
wild-type strain reached the peak of extracellular Npr activity at 
24 h of 

culturing time and declined thereafter. All mutants except 
GI19EL reached their peaks of Npr activity after 36-48 h of 
culturing and the duration of the expression was sustained from 
18 to 24 h, which was similar to the wild-type strain. All mutants 
exhibited a decrease in secretory Npr activity. In mutants IR6LE 
and YA33SM the secreted Npr activity was 54-55 % of the 
wild-type; in mutants G19N and P30L the secreted Npr 
activity was 33% and 18% of the wild-type respectively. In 
mutant GI19EL the Npr activity was less than 10% of the wild- 

type. 

When analysed by immunoblot with anti-pro-Npr antiserum, 
the amounts of secreted Npr protein (P35) from the mutants . 
correlated well with their activities (see Figures 4 and 5). A 
decrease in the secreted Npr to between one-third and one-half 
was found in IR6LE, YA33SM and G19N, and a decrease in 
P30L andCH9EL to between one-fifth and one-tenth, compared 
with the wild-type strain. Interestingly, a distinct band estimated 
at about 57 kDa, which accounted for 30-50 % of the Npr 
species, was detected in mutants GI19EL and P30L at 12-54 h 
(mutant GI19EL) or 36-54 h (mutant P30L) of culturing (Figure 
4). A similar protein species with weaker intensity was also found 
in 12-24 h cultures of the wild-type strain and much later in 
mutants IR6LE (36-48 h), G19N (24-30 h) and YA33SM 
(30-54 h). This protein species presumably represented the un- 
processed pro-Npr species (p57) [13]. Several smaller protein 
species of 13-21 kDa, which probably represented the degrad- 
ative forms of the Npr, were also detected in the immunoblots 
of the wild- type and mutant strains. 

Taking these results together, we concluded that the integrity 
of the signal peptide is important for the export of Npr and its 
derivatives. Alterations within the four major regions of the 
signal peptide attenuated the export of Npr protein. In some 
mutants (GI19EL and P30L) the lesions seemed to delay the 
proteolytic processing of the secreted Npr precursor, resulting in 
the accumulation of unprocessed intermediate species. 

A certain degree of variability in cell growth pattern (as 
reflected by the measurement of the total cellular proteins) was 
present in these signal peptide mutants compared with the wild- 
type strain (Figure 4). This suggests that the export defect in Npr 
might cause perturbations in cellular physiology. A similar 
observation was found in a signal peptide mutant of the major 
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Figure 4 Analysis of protease activity in the strains harbouring the signal peptide mutations . ^1 ' 

TK64 harbouring wild-type or the npr signal peptide mutants were cultured in TSB medium for 8-60 h. The secreted Npr activity was determined from the culture supernatant •^described, in. 
the Experimental section. The total protein in 50 ml of culture was also determined [67]. The results shown in the Rgure are means ±S.E.M. for three independent experiments^ performed -in .duplicate. 
Abbreviations: Host. TK64; VvT, TK64[pSP105]; IR6LE TK64[pSP1 05-IR6LE]. G119EL, TK64[pSP105-GI19EL]; G19N, TK64[pSP105-G19N]; P30U TK64[pSP105-P30L]-; W3SM:TK64[pSP105- 
YA33SM], . \. 



outer membrane lipoprotein of E. coli [27], where a deletion 
mutation in the lipoprotein signal peptide can cause severe effects 
on the viability of the host cell, resulting in cessation of growth 
and rapid cell death. Interestingly, in Npr this degree of in- 
terference with cell growth was not correlated with the severity of 
the export defect exerted by the respective signal peptide mutation 
introduced." The exact reason for this phenomenon is not clear, 
especially when one considers that mutant IR6LE showed a 
significantly decreased cell growth in spite of its exhibiting only 
a moderate inhibition of Npr production, whereas mutants 
GI19EL and P30L displayed a strong inhibition of Npr pro- 
duction but their cell growth showed a slight enhancement 
(Figure 4). Presumably this indicates that, in addition to the 
differences noted in the secretion of Npr, the pleiotropic effect of 
the Npr signal peptide mutation on the host cell might differ 
between mutants. 

Npr derived from the signal peptide mutants has the same 
specific activity as that from the wild-type 

To investigate whether mutations introduced into the signal 
peptide sequence might affect the folding of prepro-Npr and thus 
decrease the protease activities, the specific activities of Npr from 
the mutants were determined (Table 1). The results indicated that 
with the possible exception of G19N the specific activities of the 



Npr from the other mutants (IR6LE and^YA33SM) .were 
essentially the same as that of the wild-type (Table 1). Results 
were not available for GI19EL and P30L, owingVo-the^ difficulty ■/ 
encountered in purifying the low quantities of ^Npr.pTroduced by * 
these two mutants. Nevertheless the fact that ^ihttlar" levels of 
decrease in Npr export were found by Westep blot; and by 
enzymic assay strongly suggests that the same: conclusion might 
be applicable to these two mutants. ' r '"-'.-vJ T - - 

Defects in the signal peptide sequence affect the secretion of 
propeptide ; V 

The propeptide of Npr can be secreted when fused directly to the 
signal peptide in the absence of the Npr mature domain [14]. To 
establish whether the mutations in signal sequence, affect the 
secretion of propeptide as it did the secretion of Npr, the 
propeptide sequence was fused to the four mutant signal peptide 
sequences (IR6LE, GI19EL, G19N and P30L). Western blot 
analysis with anti-Pro antiserum demonstrated that all except 
P30L directed the secretion of the full-length (p22) propeptide , 
into the medium at 16-20 h of culturing (Figure 6). However, the 
amounts of propeptide secreted by these mutants were much 
smaller than that secreted by the wild-type. The amounts of 
secreted propeptide directed by IR6LE, G19N, GI19EL and 
P30L at 16 or 20 h of culturing were approx. 88%, 68%, 23% 
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Figure 6 Western blot analysis of the propeptide of Npr directed by mutant 
signal peptides 

Culture supernatants (600 /tl; 16 or 20 h) from host or different propeptide expression variants 
was precipitated with 10% (w/v) trichloroacetic acid at 4 °C. The recovered pellet was dissolved 
in sample buffer and analysed by SDS/PAGE [68], followed by Western blot analysis with anti- 
Pro antiserum. The arrow indicates the propeptide-specilic bands. The band intensity was 
quantified by a densitometer and expressed as the relative amount to that of wild-type. 
Abbreviations: Host, TK64; WT-Pro. TK64(pSP105-Pro]; 6LE-Pro, TK64[pSP6LE-Pro]; 19N- 
Pro, TK64[pSP19N-Pro]: 19EL-Pro. TK64[pSP19EL-Pro]; 301-Pro, TK64[pSP30t-Pro]. 



Figure 5 Western blot analysts of Npr production in Npr signal peptide 
mutant strains 

The strains were cultured in TSB medium for the indicated times. (6-60 h), and the culture 
supernatant (300 /il) was precipitated with 10% (w/v) trichloroacetic acid ,at_4 °C. The. 
recovered pellets were dissolved in sample buffer and analysed by SDS/PAGE [12:5% (w/v) 
gel] [58], followed by Western blot analysis using anti-pro-Npr (P57) antiserum as described 
in the Experimental section. Arrows indicate the positions of pro- Npr (P57) or.mature Npr (P35). 
The designations of the host or npr strains are the same as those in Figure 4. 



Table 1 Specific activity of purified Npr proteases, from wild-type and 
various signal peptide mutants ... .-X r: . 

The Npr proteases from wild-type and mutant strains were purified by.coiumn^chromatography 
as described in the Experimental section. The protease activity was assaye#by;the- method 'o!-': 
Chavira et al. [25]. The results are means ±S.E.M. for three independent experiments. 



Enzyme Specific activity (units/mg of protein)' > ' » : ■ 



Wild-type 623±121 * 1>\ 

IR6LE 573±21 • / V • . . 

GI19N 470±18 •'-> 

YA33SM 583±77 ? ^r-'u - ^ ~ 



and 0% of that of the wild-type. Smaller protein species, which 
presumably represented the degraded propeptide, were also 
found. Thus it seems that those mutants with strong defects in 
the secretion of Npr (e.g. mutants GI19EL and P30L) were also 
defective in propeptide secretion (compare Figures 5 and 6). 

Deletions of the mature domain abolish the maturation but not 
the secretion of Npr derivatives 

To investigate whether the integrity of the mature region is 
essential for the maturation and secretion of Npr, three deletion 
mutations (AC, AM and AD) were created in" the Npr mature 
region (see Figure 3). In AC the deletions spanned the C-tenninal 
26 residues (320-345). In AM the C-terminal 62 residues 
(284-345) were deleted and the C-terminus of the resulting 
mutant protein was replaced by four residues (Pro-Ser-Leu-Asp) 
encoded by the Xbal amber linker! In AD the N-terminal 42- 
residue fragment of the mature domain was fused with a different 




TK64 WT AD" AC AM 



Figure 7 Analysis of Npr activity in Npr mature-region deletion mutants 

Npr activity in the signal peptide mutants was revealed on the casein plate as described in the 
Experimental section. Abbreviations: TK64, host; WT, TK54[pSP105]; AO, TK64[pSP105AD]; 
AC, TK64[pSPl 05AC] ; AM, TK64[pSP1 05AM]. 

Table 2 Analysis of Npr activity in Npr mature-region mutants 

The Npr proteases from wild-type and Npr mature-region mutant strains were assayed as 
described in the Experimental section. Protease' activity is expressed as units/ml of culture 
supernatant The designations for the host or upr strains are the. same as in Figure 7. The data 
are means ±S.E.M. lor three independent experiments. 



Protease activity (units/ml of culture supernatant) 
Muring time (h) TK54 WT . AC AO AM 



16 o.6±o.o 8.ofo:i -6!2±6.0 0.4±0.0 0.3±0\0 

21 0.7 + 0.0 13.0±2,0 "0.4 + 0.0 0.4±0.1 0.5 + 0.1 

26 0.6±0.0 13.4 £1.0 - 0.4 ±0.0 0.4±0.1 0.4 ±0.1 

31 0.2±0.0 4.9±:1;1 - 0.4 ±0.0 0.4±0.1 0.2 + 0.0 



reading frame polypeptide sequence with 162 residues resulting 
from a frame shift beyond Val-42 of "the mature region. The 
expected molecular masses of the truncated Npr protein secreted 
from AC, AM and AD were 34, 32 and 22 kDa respectively, if the 
mutant propeptides were processed as in the wild-type. 

As shown in Figure 7, all three mutants displayed an Npr 
phenotype on casein plates, although the deletions in mutants 
AC and AM did not encompass the residues essential for the Npr 
activity (i.e. His-202, Glu-203, His-206 and Glu-240) [13]. No 
detectable protease activities were found in the liquid broth of 
these mutant strains either (Table 2). These results suggest that 
deletions in the mature domain of Npr might affect the matur- 
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Figure 8 Western blot analysis of the production of Npr derivatives from 
the culture supernatant? of npr mature-region mutants 

The host and npr mature-region deletion mutants were cultured In TS8 medium for 16-31 h, 
and the culture supernatant (600 /d for host strain and 100 /d for the wild-type or mutant 
strains) was precipitated with 10% trichloroacetic acid and the recovered pellets were dissolved 
in sample buffer and analysed by SOS/PAGE [66], followed by Western blot analysis with anti- 
pro-Npr antiserum. The immunoreacuye bands specific to anti-pro-Npr antisera are indicated 
with arrows. The abbreviations for the wild-type or mutant strains are as in Figure 7. 



ation and/or processing of NprV Imihunoblot analysis with the 
anti-pro-Npr antibody detected 56 and 54"kDa proteins secreted 
by AC and AM (Figure 8). The size range of these protein species 
corresponded to the expected truncated pro-Npr derivatives if 
the pro-Npr derivatives were not processed. In the frame-shift 
mutant, AD, several protein species (55, 34 and 24 kDa) exceeding 
the expected size (22 kDa) for the processed Npr fusion protein 
were detected by anti-pro-Npr antiserum but not by anti-Npr 
antiserum (Figure 8). These protein species were presumably the 
unprocessed Npr fusion protein derivatives. All these results 
indicate that a truncation as small as 26 residues of the C- 
terminus of the mature domain completely abolishes the auto- 
processing activity of Npr. Interestingly, these truncations did 
not block the secretion of these Npr derivatives. 

DISCUSSION 

In this report we have shown that the secretion of active Npr in 
Streptomyces is dependent on the presence of the intact N- 
terminal signal peptide. Substitution mutations in four major 
regions (basic region, hydrophobic core, ^-turn region and signal- 
peptidase cleavage site) of the signal peptide sequence led to an 
attenuation of Npr export, both kinetically and quantitatively, 
although the degree of impairment varied (Figures 4 and 5). 
Similar results were obtained when these mutant signal peptides 
were used to direct the secretion of Npr propeptide in the absence 



of the mature domain (Figure 6). Thus the integrity of the Npr 
signal peptide is important in the secretion of the Npr and 
propeptide. Compared with the signal peptides of other bacterial 
secretory proteins, several features of the Npr signal sequence are 
noted. For instance, although the translocation of a number of 
E. coli secretory proteins (e.g. lipoprotein, staphylokinase and 
maltose-binding protein) across the cytoplasmic membrane does 
not absolutely require a net positive charge at their N-terminus 
[28-30], we found that in mutant IR6LE even the retention of a 
net charge of +■ 1 at the N-terminus still caused a negative effect 
on Npr export (see IR6LE in Figures 4 and 5). The requirement 
for charged residues for the secretion of Npr in Streptomyces 
may be due to the nature of the host membrane, or it could be 
unique to Npr. 

The introduction of charged or polar residues to the hydro- 
phobic core of the Npr signal peptide impaired the secretion of 
Npr and pro-Npr (see GI19EL and G19N in Figures 4-6). 
Similar results were obtained with E. coli secretory proteins, 
although the severity of impairment varied considerably in 
different systems [2], For instance, Goldstein et al. [3 1] introduced 
an asparagine residue (mutants I8N and VI ON) into the hydro- 
phobic core region of OmpA protein, which resulted in the 
complete blocking of secretion. In the Gly-14 to Asp- 14 mutation 
(mutant 14D) in the lipoprotein signal sequence, translocation of 
precursor protein across the cytoplasmic membrane was not 
affected [32]. In contrast, the introduction of an aspartate or 
glutamate residue at positions 14' and 15 respectively of the 
LamB signal sequence markedly decreased secretion [33]. In our 
study, replacement of central-core Gly-Ile residues at positions 
19 and 20 by Glu-Leu residues in mutant GI19EL resulted in a 
severe impairment of Npr export and proteolytic processing 
(Figures 4 and 5). Less severe defects were conferred by the 
G19N mutation, in which the polar residue Asn was introduced 
(Figures 4 and 5). All these findings indicate that the N-terminus 
and hydrophobic region in the Npr signal peptide are sensitive to 
the lesions introduced. 

It was also surprising to find that the alteration introduced in 
the residues preceding the signal peptidase cleavage site in the 
YA33SM mutant caused a moderate export defect in Npr 
(Figures 4 and 5), whereas a similar substitution at the cor- 
responding region in MelCl signal peptide yielded no detectable 
effects on export [8]. This contrast might reflect their respective 
secondary structures at the processing site. In addition we 
observed an almost completely defective signal peptide in mutant 
P30L, in which a mutation at the hydrophobic core-cleavage site 
junction supposedly disrupted the predicted /?-turn (Figures 4 
and 5). This finding agrees with the hypothesis that a j?-turn 
structure four to six residues upstream of the cleavage site is 
required for precursor protein processing [26,34,35]. However, 
this result stands in contrast with the observation of Borchert 
and Nagarajan [7] that the export of Bacillus amyloliquefaciens 
levansucrase remained unaffected when its ^-turn structure at the 
end of the hydrophobic core of the signal peptide was disrupted. 
It is likely that the sequence requirement in the Npr signal peptide 
is more constrained than other secretory proteins discussed here. 

Several roles of the signal peptide in facilitating protein export 
have been proposed [1,36-38]. In the present study we cannot 
extrapolate the exact mechanisms by which these signal peptide 
mutants hinder or delay Npr export across the membrane. The 
mutations introduced into the signal peptide that deteriorate 
protein secretion might result from the alteration of the con- 
formation or hydrophobicity of the signal peptide, which might 
affect its insertion into the membrane or its interactions with 
secretory components and/or alter the export competence of the 
secretory proteins attached to it [1,36-38]. Notably, when we 
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Table 3 The l-turn structure features of bacterial signal peptide sequences In secretory proteins predicted by the method of Chou and Fasman [39] 

.ie window width for the analysis was lour amino add residues. The program used in this analysis was PC/GENE of Intelligentics. 



Strain 



Protein 



Signal peptide sequence 



£-tum | 
(residue number) 



c ceoJicolor A3f21 


Ana rasp 




Amvtase 




Amvtasp 


S. V6fl£Zlll3B 


Amylase 


W< UlittJMJtJ 




c cacaoi 


Npr 


£ aibus 


^-Lactamase 


£ sp36 


Xylanase 


5. antibioticus 


Me!C1 


8. amyfolkjuefaciens 


Bamase 


Bacillus 


Alkaline protease 


Bacillus 


Neutral protease 


ft amytoliquefociens 


Amylase 


8. subtilis 


Amylase 


8. amytotiquefadens 


Levansucrase 


£ coli 


UmB 


£ coli 


. Alkaline phosphatase 


£ coli 


OmpA 


£ coli 


Lipoprotein 


Ecoli 


Maltose-binding protein 


£ coli 


Staphytokinase 


Ecoli 


^-lactamase 



MVNRROUKWSAVALGAGAGLAGPAPAAAHA 


3(31) 


[50] 


MARRLATASLAVLAAAATALTAPTPAAA 


1 (28) 


[51] 


MQQRSRVLGGTLAGTVAAAAATVAPWPSQA . 


4(30) 


[52] 


MARKTVAAALALVAGAAVAVTGNAPAQA 


1 (28) 


[53] 


MARRLATASLAVLAAAATALTAPTPAAA 


1 (28) 


[54] 


MPMFRIRLPKPAALIAAGGIGACIATVAVPSAYA 


3 (34) 


[13] 


VHPSTSRPSRRTLLTATAGAALAAATLVPGTAHASSGGR 


6(39) 


[55] 


MNQDGKRYESEQNPPPFSGLSRRGFLVGAGAGAAAAVAGSGLLLPGTAHA 


11 (50) 


[56] 


MPELTRRRALGAAAWAAGVPLVALPAARA 


0(30) 


[57] 


• MKKR LSWISVCLLVLVSAAG MLFSTA 


0(26) 


[47] 


MRGKKVWISLLFALAUFTMAFGSTSSAQA 


1 (30) 


[47] 


MGLGKKLSVAVAASFMSLTISLPGVQA 


1 (27) 


[47] 


MtQKRKRTVSFRLVLMCTLLFVSLPITKTSA 


0(31) 


[58] 


MFAKRFKTSLLPLFAGFLLLFHLVLAGPAAA 


0(31) 


[59] 


MNIKKIVKQATVIFTTALLAGGATGAFA 


1 (28) 


[7] 


MMITLRKLPLAVAVAAGVMSAQAMA 


0(25) 


[60] 


MKQST1ALALLPLLFTPVTKA 


0(21) 


[61] 


MKKTAIAIAVALAGFATVAQA 


0(25) 


[62] 


MKATKLVLGAVILGSTLLAG 


0(20) 


[63] 


MKIKTGARILALSALTTMMSASALA 


0(25) 


[641 


MLKRSLLFLTVLLLLFSFSSITNQVSA 


0(27) 


[65] 


MSIQHFRVAUPFFAAFCLPVFA 


1 (23) 


[66] 



used the Chou-Fasman [39] rule to predict the propensity of Npr 
; signal peptide for ^-turns, there are potentials for /?-turns located 
at residues Leu-8, Ala-16 and Val-29. Moreover, for those 
mutants (GI19EL and P30L) yielding severely decreased Npr 
secretion, their predicted £-turn structures within the Npr signal 
peptide had altered. Interestingly, a similar observation can be 
made on the mutations of neutral protease signal peptide from B. 
amyloliquefaciens when fused with human parathyroid hormone, 
where changes in the predicted £-tura structure near the signal 
peptidase cleavage site substantially affect the secretory efficiency 
of the signal peptide [40]. Unexpectedly, an analysis of several 
secretory proteins from Streptomycetes also showed a higher 
propensity for £-turo structure in their signal peptide regions 
than those from Bacillus or E. coli (Table 3). However, no such 
feature was observed in the signal peptide of MelCl protein. This 
may account for the differential sensitivity to the similar mutation 
introduced into the cleavage site of the MelCl or Npr signal 
peptide, as described earlier. The £-turn structure might be one of 
the requirements for proper function of the Npr signal peptide. 
However, the generalization of the £-turn requirement for 
secretion of other Streptomyces secretory proteins must await 
additional information obtained from other Streptomyces signal 
peptide mutants. 

The mature region has been shown to have a profound impact 
on the export function of several secretory proteins [41-47]. 
Airman et al. [44], for example, have demonstrated that both the 
signal peptide and mature regions of LamB protein are required 
for the interaction with the export factor SecB in E. colL In 
addition, the charge distribution as well as the secondary structure 
of the N-terminal mature region adjacent to the signal peptide 
have been recognized as important determinants for the com- 
patibility of protein secretion [35,41-^3,45]. In the present study, 
neither the N-terminal frame-shift nor the C-terminal deletion of 
Npr mature domain affected the secretion of Npr derivative 
(Figure 8). It had previously been observed that, although the 
integrity of propeptide is not essential for the export of the pro- 



Npr derivatives, removal of propeptide while preserving intact 
mature region completely abolished secretion [14]. Thus, in 
contrast with the propeptide, if the mature region is directly 
fused with the signal peptide it remains incompetent for secretion. 
This dependence on the propeptide sequence for secretion might 
be due to structural incompatibility between the C-terminus of 
the signal p£piide~ahd the N-terminus of the mature domain, or 
possibly to tne tacVflEai signal peptide alone, without the help of 
the propeptide, xanhot maintain the Npr mature region in an 
export-competent folded state. The presence of two positively 
charged residues at the N-terminus of the Npr mature sequence 
(positions 4 "and 5), which has been suggested to be detrimental - 
to protein- secretion [35,42-45], is consistent with the first 
hypothesis. Nevertheless the second view is also very likely,, 
because ohe of the major functions of the propeptide in protease 
is to act as an intramolecular chaperone for the modulation of 
protein conformation [48,49]. 

In summaryivon the basis of our previous work [13,14] and 
results presented here it is clearer that in the processes of Npr 
secretion and maturation, the three distinct domains of Npr are 
essential and confer different functions. Although a functional 
signal peptide is essential for secretion, the propeptide guides the 
precursor domains to achieve a conformation that is competent 
for the export and maturation of Npr. Finally, the properly 
folded mature region yields the Npr activity and removes the 
propeptide sequence. Therefore the secretory mechanism of Npr 
precursor in Streptomyces is fundamentally analogous to the 
transport of precursor protein across the cytoplasmic membrane 
of Gram-negative bacteria in that both are signal-peptide- 
dependent and require a transport-competent conformation of 
precursor protein. 
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von Willebrand factor— propeptide cleavage— regulated ■ 
secretion — storage granules \ v V ; : ?. 

Large muliimers of the adhesive glycoprotein vbn'WUKbrari^ r fgc r - ;> 
tor (vWf) are stored in endothelial cells in-i^d^sh'ap^'Yra^Iesv 
called Weibel-Palade bodies, while small muitimers! are secretetf 
constitutively. Expression of pro-vWf in other cells with a regu- 
lated pathway of secretion, results in formation of v.Wf -containing 
storage granules that have a morphology similar to Weibel-Palade 
bodies. vWf expressed without its prosequence is not stored. To 
evaluate the importance of prosequence cleavage in vWf storage, 
the Arg at position -1, known to be necessary for cleavage, was 
mutated to Gly. Transfection of this cleavage mutant into two cell 
lines with a regulated pathway of secretion (Riff island* AtT;20 
cells) led to the formation of large multimere/However, treatment 
of the cell lysates by the enzyme endoglycosidase^ 
not reveal significant amounts of intracellular Endo-H -resistant 
vWf, which indicates the absence of a pool of stored processed 
vWf. In addition, no Weibel-Palade body-like^traciu^ was^e-" 
tected in these cells by immunofluorescence Iabeiing;witli1anti-v 
antiserum. Electron microscopy and immunocytoch^mistry of RIN 
5F cells expressing the pro-vWf mutant confirmed the absence of 
Weibel-Palade body-like structures. In addition, anti-yWMinked 
gold particles were found in the ER, occasionally in rbunded gran- 
ules and particularly in lysosomal structures which were abundant. 
We conclude that the formation of large aggregates' is not suffi- 
cient to induce efficient vWf storage, and thai the lack of cleavage 



A bbreviations. CMV Cytomegalovirus. — Endp-H Endoglycosi- 
dase H. — ER Endoplasmic reticulum. — HMW High molecular 
weight, — kb Kilobases. — SDS Sodium dodecyl sulfate. — vWf 
von Willebrand factor. 
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of the prosequence may direct the mutant pro-vWf molecule to a 
degradative pathway. Therefore, the prosequence cleavage is a re- 
quirement for vWf storage. 



Introduction 

Endothelial cells lining the vessel wall possess elongated 
storage granules called Weibel-Palade bodies [42] whose 
function is important in injury repair. These organelles are 
found only in endothelium and contain the soluble adhe- 
sive protein von Willebrand factor (vWf) and the trans- 
membrane receptor for monocytes and neutrophils, named 
P-selectin (CD62) [1, 20, 37]. Stimulation of the endothe- 
lial cells leads to the secretion of large vWf muitimers that 
are most potent in platelet.plug formation (for review, see 
[34]). In vitro, small vWf muitimers are also secreted 
through a constitutive pathway [28] . 

Both vWf [41] and P-selectin [6, 12] contain a generally 
recognized targeting signal that allows their storage in het- 
erologous cells with a regulated pathway of secretion. In 
the case of vWf it was shown that the presence of a large 
prosequence with which the molecule is first synthesized 
[15, 35] is required for formation of vWf storage granules 
[41]. When the wild type pro-vWf is expressed in AtT-20 
cells (mouse pituitary cell line) or in RIN 5F cells (rat in- 
sulin-secreting B. cell line), vWf storage granules are 
formed that are. morphologically very similar to Weibel- 
Palade bodies and distinct from the endogenous hormone 
granules. The Weibel-Palade body-like organelles do not 
form in cells transfected with vWf cDNA from which the 
prosequence was deleted [41]. 

Another important intracellular function of the prose- 
quence is in the formation of vWf muitimers from building 
blocks of dimeric molecules. Deletion of the prosequence 
results in the formation of only dimeric molecules in the 
transfected cells [32, 44]. The multimerization of pro-vWf 
dimers by disulfide bonds located in the N-terminal portion 
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of the mature subunit takes place in the acidic environment 
of the trans Golgi apparatus and/or in the secretory gran- 
ules. This process is likely followed by the cleavage of the 
prosequence at a dibasic amino acid cleavage site (for re- 
view, see [19]). Inhibition of this cleavage by site-specific 
mutagenesis of the cleavage site, does not impair the vWf 
multimerization process in transfected cells [33, 44]. In the 
endothelial Weibel-PaJade bodies, the free propolypeptide 
and the mature vWf subunits are stored in stoichiometric 
amounts but their relative location within the granule is un- 
known [7, 39]. 

In the present study, we are interested in determining if 
successful multimer formation is linked to vWf storage and 
if inhibition of the prosequence cleavage effects the forma- 
tion of vWf storage granules. Therefore, we generated an 
uncleavable pro-vWf encoding cDNA and transfected it in 
cell lines with a regulated pathway of secretion. 



Materials and methods 

Reagents 

All the restriction and modification enzymes were purchased from 
Bethesda Research Laboratories (Gaithersburg, MD/USA), or 
New England Biolabs (Boston, MA/USA). The BamHI-EcoRI 
adaptors were from New England Biolabs. The oligonucleotide-di- 
rected in vitro mutagenesis system was from Amersham Interna- 
tional (Amersham, Bucks./UK). Protein A-Scpharose CL-4B was 
purchased from Sigma (St. Louis, MO/USA). 

Antibodies 

Rabbit polyclonal antiserum against vWf was purchased from 
American Byproducts (Parsippany, NJ/USA) or Dakopatts (Car- 
pinteria, CA/USA). The preparation of monoclonal antibodies 
against the propolypeptide was described [40]. Goat anti-rabbit 
immunoglobulin fraction coupled to 10 nrn colloidal gold was 
from Amersham (Les Ulis/France). 

Oligonucleotide synthesis . . 

Synthetic oligonucleotides were prepared with an automated DNA 
synthesizer type 381 A (Applied Biosystems, Foster City, CA/USA) 
by M. Jacobs (New England Medical Center, Boston, MA) and 
purified on an OPC column (Applied Biosystems), according to 
the manufacturer protocol, and dissolved in 1 mM EDTA in 10 
mM Tris (pH 7.4) for further use. 



Construction of pCMV4-pro-vWf Gty763. The pro-vWf 482 bp 
Hindlll-BamHI fragment was subjected to oligonucleotide-di. 
rected mutagenesis, using the Amersham system. The chosen oli- 
gonucleotide (5' GCA GCA AAG" GGA GCC TAT 3*, positions] 
2279 to 2296, with a substitution from A to G at position 2287, \ 
marked with an asterisk; position 1 is the first base of the initiator: 
methionine [3]) gives the same mutation as the one used by Verweij ' 
et al. [33]: it transforms the Arg, at the -1 position with regard to} 
* the propolypeptide cleavage site, into a Gty. The vWf 2.5 kb-Eco-i 
RI-Hindlll fragment, the mutated 482 bp Hindlll-BamHI frag- 1 
ment and the vWf 6 kb BamHI-EcoRI fragment were purified. In ! 
a single reaction, these three fragments were inserted in pCMV4 \ 
linearized by EcoRI to produce pCMV4-pro-vWf GIy763. The! 
newly made plasmid was analyzed by restriction analysis, and the ' 
A to G substitution was checked by sequencing the complete insert I 
in the Ml 3 derivative that resulted from the mutagenesis reac-1 
tion. 

Cell culture and transfection 

AtT-20 cells and COS-1 cells were grown in Dulbecco's modified ! 
Eagle medium (DMEM) supplemented with IO<7o fetal bovine, se- 1 
rum, and penicillin/streptomycin (100 U/ml) (Gibco Laboratories, ; 
Grand Island, NY/USA). RIN 5F was maintained in DMEM sup- ; 
plemented with 10% heat-inactivated horse serum, 0.2% glucose \ 
and penicillin/streptomycin (100 U/ml). COS-1 cells and AtT-20; 
cells were transfected by the calcium phosphate procedure [8, 43], : 
using 40 ug of plasmid per 10 cm dish as described [41]. RIN 5F 
were transfected by the same procedure except that the cells were 
in suspension. After 15 min incubation with the calcium phos* r 
phate-DNA precipitate, complete medium was added and the en- 
tire suspension plated. Human umbilical vein endothelial ceils, 
first passage, were isolated and grown as described [18]. ' ; 

Metabolic labeling and v Wf purification 

Cells were labeled for 2 to 3 days with 30 uCi/ml ["S]cysteine 
(1300 Ci/ml, Amersham, Arlington Heights. IL/USA) and lysed ; 
as previously described [35], vWf derivatives were immunopurified \ 
from the cell lysates and cell culture media as described [41] except : 
that incubation with gelatin-Sepharose was omitted. Endoglycosi- 1 
dase H digestion of purified samples was as described [38). 

Gel electrophoresis ■ ' * - 

SDS-polyacrylamide gels and SDS-agarose gels were prepared as ; 
described by Laemmii [13] and Mayadas and Wagner [18], respec- , 
tively. Densitometry scanning of autoradiographs was performed, ; 
and the amount of vWf in the samples was quantitated by deter- 
mining the area under the peaks. 



Vectors and recombinant DNA construction 

pCMV2. This vector, kindly provided by Dr. Richard Goodman 
(Portland, OR/USA), contains the cytomegalovirus (CMV) pro- 
motor and the SV40 small t antigen polyadenylation signal, on 
both sides of the Bglll insertion site. This eukaryotic sequence is 
inserted into the Clal site of the bacterial Bluescript vector (Strata- 
gene, La Jolla, CA/USA). 

Construction ofpCMV4. pCMV2 was digested with EcoRI and the 
two resulting fragments, Bluescript and the eukaryotic sequence, 
were blunt-ended with the Klenow DNA polymerase and religated. 
Therefore, the resulting molecule had endogenous EcoRI sites re- 
moved so that they would not interfere with subsequent construc- 
tion steps. BamHI-EcoRI adaptors were inserted in the Bglll site 
to produce pCMV4. The newly created EcoRI site was used for 
insertion of cDNA in pCMV4. 



Electron microscopy and immunocytochemistry 

Cells were fixed in culture flasks with 1% glutaraldehyde in 0.1 M 
phosphate buffer (pH 7.4) for 1 h at 22 °C, washed three times in 
the buffer and sent from Boston to Paris by express mail in the 
third wash buffer. For standard electron microscopy, the cells were 
post- fixed in l^o osmium tetroxide, stained en bloc with uranyl 
acetate, flushed off the culture flasks with propylene oxide and 
embedded in Epon. For immunocytochemistry, cells were embed- 
ded in glycol methacrylate after glutaraldehyde fixation [14]. The 
immunogold staining was performed as described [5J. Sections 
were incubated for 2 h in rabbit polyclonal anti-vWf at a 1 : 50 di- 
lution, followed by goat anti-rabbit immunoglobulin fraction cou- 
pled to 10-nm colloidal gold, for 1 h at a 1:10 dilution. In both 
cases, sections were stained in uranyl acetate followed by lead ni- 
trate and examined on a CM 10 Philips electron microscope. 
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Results 

Previous studies have shown that deletion of the vWf pro- 
polypeptide prevented vWf multimerization [32, 44] and 
storage [41] in transfected ceils. It has also been reported 
that inhibition of the cleavage of the prosequence by site- 
specific mutagenesis of the cleavage site does not prevent 
vWf multimerization [33, 44]. Therefore, we were inter- 
ested in finding out if blockage of cleavage effects vWf 
storage. For this purpose we have changed Arg 763 (the last 
amino acid of the prosequence) to Gly, in a variant desig- 
nated pro-vWf Gly763. This mutation was shown by Ver- 
weij and colleagues [33] to completely inhibit prosequence 
cleavage. 

The mutated cDNA was inserted into the pCMV4 expres- 
sion vector, under the control of the cytomegalovirus pro- 
motor and linked at its 3' end to SV40 splice and polyade- 
nylation signals. Multimerization and storage of the un- 
cleavable variant were studied by expression of the 
pCMV4-pro-vWf Gly763 construct in heterologous cells 
(COS-1, AtT-20, and RIN 5F) previously shown to be suit- 
able models for such studies [2, 41]. 

Inhibition of prosequence cleavage and vWf 
multimerization 

The vWf-containing expression vectors, pCMV RIvWf 
(wild type; [41]) and pCMV4-pro-vWf Gly763, were tran- 
siently expressed in COS-1 cells. The cells were metaboli- 
cally labeled with [ 33 S]cysteine for 2 days and the vWf- 
related proteins isolated from the cell lysates and culture 
media. Wild type pro-vWf and pro-vWf Gly763 were im- 
munopurified using polyclonal antibodies to vWf together 
with a monoclonal antibody to the propolypeptide. 5Vo 
SDS-polyacrylamide gel electrophoresis analysis of the re- 
duced samples showed that indeed the cleavage mutant 
molecules were not proteolytically processed (Fig. la; [33]). 
When analyzed nonreduced on 2% agarose gels (Fig. lb), 
pro-vWf Gly763 multimers produced sharper bands be- 
cause these were composed of precursor subunits only, 
while wild type multimers contained a mixture of precursor 
and mature subunits [16, 36]. We observed an increased ef- 
ficiency of multimerization for the uncleaved mutant in 
that it was relatively richer in the largest multimeric species 
than wild type vWf . To determine this quantitatively, mul- 
timers secreted by cells from five independent transfection 
experiments were analyzed by scanning the autoradio- 
graphy of the agarose. gels. The percent of total radioactivi- 
ty in the upper fifth of the gel, where the largest multimers 
migrate, was determined. The mean content of these largest 
multimers in the five experiments was 14.4 (SEM = 1.7) 
for the wild type, and 25.2<ft (SEM=1.3) for pro-vWf 
Gly763. 

Inhibition of prosequence cleavage and vWf storage 

In cells capable of protein storage (such as RIN 5F and 
AtT-20 cells), pro-vWf is diverted into the regulated path- 
way of secretion. We have established criteria for vWf stor- 
age in these cells [41]: the first one consists in the presence 
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Fig. 1. Subunit'and multimeric composition of pro-vWf GIy763 
expressed^by/tranlfe cells. COS-1 cells transiently ex- 

pressing the^adlype and prp-vWf Gly763 cDNAs were metaboli- 
cally labeled ^th^[ 33 S]cysteine for 2] days. vWf -related products 
were immunopurified from lysed cells (C) and culture media (M) 
with a'polycionaj^tiboidy to vWf, mixed (a) or not (b) with a 
monoclonal^aritibody" directed against the propolypeptide.— a. - 
Autoradiography op^5#pdlyacrylamide gel in which all the sam- 
ples were simultaneously ^alyzed. Numbers on the right indicate 
the position of/molecular weight standards ( x 1000). — b. Samples 
were analyzed non-reduced on a single 2°7q agarose gel, autoradio- 
graph of which js- j shown;' In (a) and (b), the lanes are as indicated 
on top of the gels. i V/ '* " 



of a significant intracellular pool of Endo-H-resistant vWf . 
This pool represents about half of total intracellular vWf in 
endothelial cells and in cells transfected with wild type pro- 
vWf [36, 41]. For its most part, the Endo-H-sensitive other 
half is in the endoplasmic reticulum. Only trace amounts of 
Endo-H-resistant material are found in cells that do not 
have a regulated pathway of secretion [41 J. A second crite- 
rium is the presence of numerous vWf-containing granules 
in the transfected cells, as determined by fluorescence or 
electron microscopy. 

Weibel-Palade bodies contain stoichiometric amounts of 
the mature vWf subunit and of the free propolypeptide [7], 
which indicates that vWf is sorted to the storage granules in 
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its pro-vWf form. To examine whether the prosequence 
cleavage may be linked to vWf storage in the Weibel-Pa- 
lade bodies, we stably transfected the RIN 5F and the AtT- 
20 cells with the pCMV4-pro-vWf Gly763 plasmid. Several 
positive clones (3 for AtT-20 cells, and 6 for RIN 5F cells) 
were identified by immunofluorescence staining with an 
anti-vWf antiserum and expanded. 

Biochemistry. The cells were metabolically labeled with 
[ SJcysteine for 2 to 3 days, and immunopurified pro-vWf 
GIy763 was analyzed by gel electrophoresis. As expected, 
the secreted protein was multimeric (Fig. 2a) and similar to 
the COS-1 cells the mutation completely inhibited the 
cleavage of prosequence within the RIN 5F and the AtT-20 
cells (Fig. 2b). The unexpected finding was the absence of a 
significant pool of Endo-H-resistant vWf in these cells 
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Fig. 2. Multimeric and subunit composition of pro-vWf Gly763 
expressed in AtT-20 and RIN 5F cells. Cells were metabolically la- 
beled for 2 to 3 days, and vWf-related products were immunopu- 
rified from the cell lysates (C) and the culture media (M) with an 
anti-vWf antiserum. — a. The samples were analyzed non-reduced 
on 2<7o agarose gels, autoradiographs of which are presented. — b. 
The same samples were treated with ( + ) or without (-) Endo-H 
and then analyzed reduced on 4.5% polyacrylamide gels, autora- 
diographs of which are shown. In both transfected cell types, less 
than lOVo of cellular vWf was Endo-H resistant. In (a) and (b), the 
left and center panels show the products expressed by AtT-20 and 
RIN 5F cells, respectively. The right panel shows wild type vWf 
from endothelial cells (EC) for comparison. 
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(Fig. 2b). Furthermore, high molecular weight multimerj' ~" 
were absent from the lysed cells (Fig. 2a) while they were 
efficiently secreted through the constitutive pathway These 
results indicated that, despite their extensive multimeric 
structure, the pro-vWf Gly763 molecules were not stored 
Immunofluorescence analysis. In accordance with this find, 
ing and as opposed to the wild type, Weibel-Palade body, 
like granules were not found in any of the isolated clones 
by immunofluorescence staining. We have also not ob- 
served round granules distributed throughout the cyto-' 
plasm of the transfected cells, such as were present in RIN 
5F cells expressing truncated pro-vWf lacking the C-termi- 
nal 80 kDa of the mature subunit [41]. However, in some 
cells, speckled pattern among the strong perinuclear stain- 
ing was visible which we have not observed in cells trans- 
fected with wild type pro-vWf (Fig. 3). 
Electron microscopy. To obtain more detailed information 1 
on the intracellular distribution of pro-vWf Gly763 and an 
explanation for the perinuclear "speckled pattern" o\y 
served by immunofluorescence, we analyzed one of the 
transfected RIN 5F clones by ultrastructural and immu-i 
noelectron microscopy. For comparison, we chose cells ex- 
pressing a truncated form of the protein lacking the 20 kDa; 
C-terminal portion [41]. These cells were chosen because! 
they synthesize as much vWf as the pro-vWf Gly763 clones 
do, whereas the amount produced by the intact wild type: 
expressing clones is much lower (not shown). Therefore,: 
the latter clones are not adequate for comparison. The 
truncated pro-vWf expressing cells display the- classical 
.morphology of the RIN 5F cell line. Their striking peculiar- 
ity is the presence of Weibel-Palade body-like structures 
similar to the ones of endothelial cells, showing the classi- 
cal internal tubular structure ([41]; Fig. 4a). These Weibel- 
Palade body-like structures were found in the Golgi region 
and scattered in the cytoplasm. 

As opposed to the pro-v Wf -20 kDa expressing control : 
cells, the pro-vWf Gly763 expressing cells did not display j 
any Weibel-Palade body-like structures. Secretion granules j 
were observed, as well as frequent lysosomal figures, either 1 
lamellar bodies (Figs. 5, 6b) or large membrane-bounded; 
vacuoles containing a little electron-dense material (Fig. 6). : 
A mean of five lamellar lysosomes per cell section was ob- 
served, whereas they were only occasionally found in con- 
trol cells (approximately one per cell section). 
Immunoelectron microscopy. Immunogold labeling of the 
control cells showed the presence of vWf in the endoplas- 
mic reticulum, in the Golgi saccules and associated vesicles, ' ] 
as well as in round granules and numerous Weibel-Palade r 
bodies (Fig. 4b). Similary, immunolabeling for vWf in the ' 
pro-vWf GIy763 cells was present in the endoplasmic reti- \ 
culum and Golgi cisternae, and in round granules (Fig. 6b). \ 
Strikingly, vWf was also frequently detected in the lyso- 
somal structures, either lamellar bodies or large vacuoles ; 
(Figs. 5c, 6b), which was not the case for the control cells. * 
These ultrastructural and immunocytochemical observa- \ 
tions indicate that the pro-vWf Gly763 expressing cells dis- 1 
play a strong and specific autophagic activity, which may 
be related to the heterologous mutant protein. 
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Fig. 3. Intracellular distribution of pro-vWf Gly763 in AtT-20 
and RIN 5F cells. Immunofluorescence staining with anti-vWf an- 
tiserum of permeabilized wild type pro-vWf expressing AtT-20 
cells (a) and RIN 5F cells (c); pro-vWf Gly763 expressing ' AtT-20 



cells (b) and RIN 5F cells (d). Arrowheads indicate.Weibel-Palade 
body-hke structures in the wild type transfected" cells. Pro-vWf 
Gly763 did not form distinct granules in either cell: type. - Bar 

10 um. "—-^ 



Discussion 

The large vWf propolypeptide has a role in both vWf pro- 
cessing and intracellular transport. It is required for multi- 
merization of pro-vWf dimers [18, 32, 44] and for storage 
of the multimeric protein in specific storage granules [41]. 
To investigate the importance of proteolytic processing on 
vWf storage, we have completely inhibited prosequence 
cleavage by replacing Arg adjacent to the cleavage site with 
Gly, in a mutant designated prp-vWf Gly763 (33). Similar 
studies on vWf mutants have proved the validity of expres- 
sion systems using COS-1 cells [2] AtT-20 and RIN 5F.ceIls 
[41] as recipient cells for vWf cDNA derivatives. There- 
fore, we chose these three cell lines to analyze the pattern 
of multimerization and the extent of storage of this vWf 
variant. 

Multimerization is thought to be initiated by non-cova- 
lent interactions between propolypeptides of separate pro- 
vWf dimers or oligomers (reviewed in [19]). It is believed 
that these interactions promote the correct positioning of 
amino-terminal parts of mature vWf such that disulfide 
bonding can occur. This hypothesis is supported by the 
non-covalent dimeric nature of the free propolypeptide in 
plasma [39]. Although multimerization of the pro-vWf 
Gly763 mutant was more efficient than wild type, it did not 
proceed to completion, i. e., the typical array of small and 
large vWf multimers was secreted by the transfected cells 
(Figs, lb, 2a). This indicates that the cleavage of the prose- 
quence is not the major reason for arrest of multimeriza- 
tion and that other cellular factors, like local pro-vWf di- 



mer concentration or time taken by the protein to reach the 
extracellular environment are regulating the extent v of mul^ 
timer formation. ' ym^f:^' - ■ 

Despite the formation of large disulfide^^ 
mers up to 20 milliondaltons in size (Fig,~2a^lwl^m6t 
detect storage of pro-vWf Gly763 in neithe^^^lr^r:" 
RIN 5F cells, according to the previously^t^is|feb^ite^: 
ria [41]. There was no significant Endo-HVpltln^|vf 
pool in these cells (Fig. 2b) nor did wejpi^^pge 
granules by fluorescence microscopy (FigV^ffifSothJeir 
types, wild type or truncated vWf species' fc^pfKlirlo^i^ 
storage granules (Fig. 3) that are distinct fro^#pn§<)^e- 
nous hormone-containing granules [41]; %^gpe^ld' 
type vWf-containing granules have a rod ska^piSjllrlto 
Weibel-Palade bodies, granules formed by a^^Da^G-ter- 
minal deletion mutant are round [41]. The7efo"re7'we feel 
we would detect vWf-containing granules even of -unusual > 
shape if they were present in significant numbers. In addi- 
tion, we did not observe accumulation of vWf.staining at 
the tips of AtT-20 cells which would have been indicative 
of cotargeting of pro-vWf Gly763 with adrenocorticotropic 
hormone [4, 12, 26, 29]. By immunoelectron microscopy, 
we have detected pro-vWf Gly763 in a few round granules 
and in numerous lysosomal structures. These lysosomal 
structures may be the reason for the speckled pattern seen 
in the perinuclear region by fluorescence staining. The con- 
trol cell contained about 5 times fewer lysosomes in which 
label for vWf was not detected. Weibel-Palade body-like 
structures were found only in the control cells. It appears 
therefore that although rare granules form in the pro-vWf 
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Gly763 cells, these may be shpitTii^^Snd^the majority of 
the v Wf produced by these eel is ^ th <erjs <cre ted constitu- 
tively or degraded in lysosomesjvjl^J^ . 

Another example of an unciea^abler.p^bhprnione which 
was not efficiently stored wasjffescribed;:by Orci and col- 
leagues [23]: they showed that growing pancreatic B cells in 
the presence of Arg and Lys analogs rendered the synthe- 
sized proinsulin resistant to prohormone "processing. The 
uncleaved prohormone remained in immature secretory 
granules and was degraded more rapidly than the native in- 
sulin [9], A similar phenomenon could prevent storage of 
the uncleavable pro-vWf Gly763 and direct it to lysosomal 
structures. 

The lack of efficient storage of the pro-vWf Gly763 mu- 
tant may be explained in at least two ways. First, removal 
of the propolypeptide could be necessary for storage. Pro- 
vWf [7, 39] similar to prohormones [17, 24] appears to be 
targeted to the storage granules in the precursor form since 
in the granules the mature protein and the propeptide are 



found in stoichiometric amounts. The proteolytic process- 
ing of the stored proteins is very efficient. For example, no 
pro-vWf subunits.are detected in Weibel-Palade bodies re- 
leasate whereas a large portion of constitutively secreted 
protein is not cleaved [28] .'Perhaps the formation of the 
tubular structures containing vWf, as found in Weibel-Pa- 
lade bodies [42], requires the prosequence cleavage, and it 
is only these structures that can be successfully stored. This 
would be analogous to collagen type I fibril assembly which 
is initiated by removal of terminal propeptides by cleavage 
of the procollagen molecules with specific proteinases [10]. 
Nevertheless, it would be surprising that the quaternary 
structure of the protein would be so important for storage. 
As we have already mentioned, deletion of the C-terminal 
80 kDa from pro-vWf did not interfere with its storage in 
granules whose morphology did not resemble that of Wei- 
bel-Palade bodies [41]. In addition, chimeric proteins com- 
posed of a usually stored and a non-stored component were 
sucessfully directed to the regulated pathway of secretion 
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Fig. 4. Electron micrographs of a RIN 5F cell expressing the 
20-kDa pro-vWf species!— Standard electron microscopy analy- 
sis. Typical Weibel-Palade bodiesJW) with aligned tubular struc- 
tures are present ! K"iKe ^ together with other 
granules (g) near the" Golgi cist ernae;(Go).— er Endoplasmic reti- 



culum.— m Mitochondrion.— N Nucleus. — b. Immunogold la- 
beling for vWf. Gold particles are present in the endoplasmic reti- 
culum (er) f Golgi cisternae (Go) and associated vesicles (v), in 
some round cytoplasmic granules (g), and in typically striated. Wei- 
bel-Palade bodies (W). —Bars 0.4 urn. 



[22, 27]. These proteins would be expected to exhibit anom- 
alous quaternary structure. 

A second possibility is that the cleavage site could be part 
of a targeting sequence that would not be recognized any- 
more or not recognized efficiently upon mutation. Al- 
though there are no obvious sequence homologies among 
stored proteins, they are likely recognized by a common 
mechanism that is preserved across species and tissues [11]. 
The majority of the stored proteins, including vWf, have 
two characteristics in common: they form aggregates, and 
they are proteolytically processed at the C-terminal side of 
basic residues. This processing is performed by a class of 
proteins: the prosequence cleavage enzymes. A mammalian 
member (furin/PACE) of the family of proteases homolo- 
gous to the yeast gene product of KEX2 [21] was recently 
cloned [30]. The functionality of the enzyme was tested in 
COS-1 cells by cotransfection of its cDNA with the pro- 
vWf cDNA [31, 45] or the pro-vWf Gly763 cDNA [31]. 
The recombinant protease was able to correctly cleave the 



wild type pro-vWf, whereas pro-vWf Gly763 was resistant 
to this proteolytic activity. Two other enzymes belonging to 
the same family of proteases, PC2 and PC3, were unable to 
cleave pro-vWf [25]. Their known substrates do not con- 
tain an Arg at the -4 position from the cleavage site, as op- 
posed to all the potential substrates for furin/PACE, in- 
cluding vWf. This suggests that the specific processing en- 
zyme for vWf is furin/PACE. Furin/PACE has a potential 
transmembrane domain which makes it a good candidate 
for a targeting receptor. Upon cleavage of the prosequence 
which occurs in the immature secretory granules [24], such 
a processing enzyme/targeting receptor might dissociate 
from the protein products, allowing it to recycle, whereas 
the cleaved hormone would go to the storage granule. 

In conclusion, the lack of storage of pro-vWf Gly763 
demonstrates that the capacity of a protein to form large 
aggregates is not sufficient to elicit its storage in cells with a 
regulated pathway of secretion. Although aggregation of 
vWf may play an important role in. the formation of Wei- 
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Fig. 5. Electron micrographs of a pro-vWf Gly763 expressing 
RIN 5F cell — a. Global view of the cell by standard electron mi- 
croscopy. The cell displays the usual aspect of RIN 5F cells with 
prominent Golgi complexes (Go) located in the centriolar region 
(ce). Some secretion granules and, more specifically to these trans- 
fected cells, numerous lysosomes (L) are present.— m Mito- 
chondria.— N Nucleus. — b. Enlargement of a lysosomal struc- 
ture (L) with concentric layers, and secretion granules (g).— c. Im- 
munogold staining for yWf, Gold particles are present in some 



round secretion granules (g) and lysosomes (L). 
0.4 urn (b), 0.2 urn (c). 



-Bars 1 urn (a), 



Fig. 6. High magnification electron micrographs of a pro-vWf 
Gly763 expressing RIN 5F cell. — a. Enlargement of the Golgi 
zones (Go) with some large clear vacuoles (V). — b. Immunogold 
staining for vWf. These vacuoles (V) occasionnally label for vWf, 
and the lysosomal structures (L) label as well. — Go Golgi com- 
plex. — N Nucleus. — Bars 0.4 urn. 
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bel-Palade bodies, additional factors such as presence of 
the prosequence and of an intact prosequence cleavage site 
are required. In future studies, the role of the prosequence 
cleavage enzymes as putative targeting receptors should be 
evaluated. 
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PC2 is a neuroendocrine endoprotease involved in the processing 
of prohormones and proneuropeptides. PC2 is synthesized as a 
proenzyme which undergoes proteolytic maturation within the 
cellular secretory apparatus. Cleavage occurs at specific sites to 
remove the N-terminal propeptide. The aim of the present study 
was to investigate structural requirements for the transfer 
of proPC2 through the secretory pathway. A series of mutant 
;;roPC2 constructs were transfected into COS-7 cells and the fate 
;f the expressed proteins followed by pulse-chase analysis and 
immunocytochemistry. Human PC2 was secreted relatively 
slowly, and appeared in -the medium primarily as proPC2 
(75kDa), together" with much lower amounts of a processed 
intermediate (71 kJ^a) and mature PC2 (68 kDa). Mutations 



within the primary processing site or the catalytic triad caused 
the protein to accumulate intracellularly, whereas deletion of 
part of the propeptide, the P-domain or the C-terminal regions 
also prevented secretion. Immunocytochemistry showed that 
wild-type hPC2 was localized mainly in the Gotgi, whereas two 
representative mutants showed a distribution typical of proteins 
resident in the endoplasmic reticulum. The results suggest that 
proenzyme processing is not essential for secretion of PC2, but 
peptides containing mutations that affect the ability of the 
propeptide (and cleavage sites) to fold within the catalytic pocket 
are not transferred beyond the early stages of the secretory ' 
pathway. C-terminal sequences may be involved in stabilizing : 
such conformations. ; 



INTRODUCTION 

^^■; : - ) C2 [1,2] is a member of the eukaryotic subtilisin-like endo- 
peptidase family. Other members of this family include the yeast 
enzymes Kex2 [3,4] and Krp [5], as well as furin [6], PACE4 [7], 
PC3 (also known as PCI) [8,9], PC4 [10], PC5/PC6 [1 1] and PC7 
(also known as LPC or PC8) [12-14]. These proteases are 
involved in the proteolytic cleavage of precursor proteins at 
specific sites to generate mature proteins during transfer through 
the secretory pathway. 

All members of the eukaryotic subtilisin-like endopeptidase 
family share certain structural features. They contain an N- 
terminal signal peptide, a propeptide, a subtilisin-iike catalytic 
domain, a large conserved domain named the P-domain or 
HomoB domain [15], and a C-terminal tail which varies in length 
and may contain cysteine- or threonine-rich regions (furin, 
PACE4, PCS), an araphipathic helix (PC2, PC3) or a trans- 
membrane domain (Kex2, Krp, furin, and an alternatively spliced 
form of PC5/6 called PC6B). The role of the P-domain is 
unknown, but it has been shown to be essential for production of 
active protein, since small deletions in this region completely 
abolish Kex2 and furin enzyme activity [16,17]. 

During transit through the secretory pathway, the subtilisin- ' 
like endoproteases are converted into the mature active form by 
proteolytic removal of the N-terminal propeptide. In the case of 
human PC2 (hPC2), the propeptide contains two processing 
sites, cleavage at either of which can occur independently. 
Processing at the sequence Arg-Lys-Lys-Arg 84 is autocatalytic 
[18,19], with a pH optimum and calcium requirement similar to 
those for substrate processing. Processing at the sequence Lys- 
Arg-Arg-Arg 56 can be catalysed by another enzyme, possibly 
furin or PACE4. Proteolytic cleavage of the propeptide of PC2 



is a relatively slow process (half-life approx. 8 h), and the 
conditions under which maturation occurs in vitro suggest that in 
vivo the propeptide is removed in a late secretory compartment 
[19]. 

The role of the N-terminal propeptide in PC2 is unknown. - ^ , ; 
Possible functions include: (i) acting as an intramolecular chape- -^kj^ 
rone in a manner similar to the propeptide of subtilisin BPN' ^-rlv. 
[20] ; (ii) acting as an inhibitor that prevents premature activation ^ ' Jr y 
of the endopeptidase ; and (iii) involvement in sorting to the y ■ 
regulated secretory pathway. We have previously shown that -^wr?. 
proPC2 undergoes calcium- and pH-dependent aggregation and . 1^;-? - 
membrane association, and that a peptide corresponding to 
amino acids 57-85 of the propeptide can compete with proPC2 
for membrane association [21]. The aim of the present study was vj 
to investigate the role of the propeptide of proPC2 in the ability J ^ L r? 
of the latter to traverse the secretory pathway. ' "~- 

MATERIALS AND METHODS - V; - 

DNA manipulations 

DNA mutagenesis was carried out on an hPC2 cDNA (kindly 
supplied by Dr. D. F. Steiner, Howard Hughes Medical 
Centre, University of Chicago, IL, U.S.A.). (A587-613)hPC2, 
V54R,L56R-hPC2, (A81-84)hPC2, D142N-hPC2 and KDEL- 
hPC2 were all generated as described previously [19], 
(A5-49)hPC2 was generated by digesting the wild-type cDNA 
with Age\ and £coNl, making the DNA ends flush with T4 
DNA polymerase and re-ligating. (A54-77)hPC2 was generated 
by loopout mutagenesis using an oligonucleotide with the se- 
quence 5' GTAACCTGCCTTTTTTCGGTC AAATCCCTTTG- 
CAAGGCCATTGTGATAAAA 3'. 414-hPC2, 569-hPC2 and 
573-hPC2 were generated by amplifying hPC2 cDNA using a 3' , 



Abbreviations used: DMEM, Dulbecco's modified Eagle's medium; Endo H, endoglycosidase H; ER, endoplasmic reticulum; hPC2, human PC2; 
P.N.Gase F, P.N-glycanase F. 
t To whom correspondence should be addressed. 
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Figure 1 Structures of normal and mutant hPC2 peptides 



oligonucleotide containing a stop codon after the codon for the* 
residue indicated and a 5' oligonucleotide encoding the N- 
terminus of the preproprotein. The PCR products were cloned 
and the.region.of interest sequenced and subcloned back into the 
wild-type cDNA. (A66-80)hPC2 and (A73-80)hPC2 were gener- 
ated using the Excite® kit (Stratagene). 

Cell culture and lipofection 

COS-7 cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% (v/v) foetal calf 
serum in an atmosphere of 5% C0 2 . Cells at about 40% 
confluence in six-well plates were transfected by mixing 2 fig of 
DNA and 24 /d of a 1 nM lipid suspension containing a 2:1 
(molar ratio) mixture of dioleoyl-L-a-phosphatidylethanolainine 
(Sigma, Poole, Dorset, U.K.) and dimethyldioctadecylam- 
monium bromide (Fluka) in 0.5 ml of serum-free DMEM. The 
lipid-DNA complexes were allowed to form for 20 min and then 
added to the washed cells for 4 h before serum was replaced [22]. 

Pulse-chase and Immunoprecipftation 

At 48 h post-transfection the cells were incubated in methionine- 
and senim-free DMEM (Sigma) for 30 min. The medium was 
then removed and the cells pulse-labelled in 0.5 ml of the 
? m ?rJ^ mm su PP lemented wth 170/tCi of ["^methionine 
(> 1000 Q/mmol; Amersham) per well. After the 30 min pulse, 
the labelling medium was removed and replaced by 1 ml of 
complete medium containing 30mg/l uniabelled methionine. 
Medium was removed at the appropriate time and the cells 
harvested in NDET [1% (v/v) Nonidet P40, 0.4% (w/v) 



de'oxycholate, 66 mM EDTA, 10 mM Tris/HCl," pH 7 4) Cell 
extracts were incubated on ice for 5 min, and then. the nuclei were 
. centnfuged (13000 I min) and the post-nuclear supernatant 
.saved. hPC2 lmrnunoreactivity was immunoprecipitated in 
^5>ET/0.3% SDS using anti-PC2 antiserum "raised to amino 
vaciids : Met 233 -Asn 813 of hPC2 expressed in. Escherichia coli using 
"the pEtl2 vector. 

Endoglycosidase digestion 

^ Immunoprecipitated material was denatured by heating to 1 00 °C 
V'in 0.5% SDS and 1 % ytf-mercaptoethanol. Half of the material 
was incubated at 37 °C for 2 h with 100 units of endoglycosidase 
H (Endo H) in 50 mM sodium citrate, pH 5.5. The other half was 
incubated at 37 °C for 2 h with 100 units of P,N-gIycanase F 
(P,N,Gase F) in 50 mM sodium phosphate, pH 7.5, and 1 % 
Nonidet P40. P,N,Gase F and Endo H were supplied by New 
England Biolabs (Hitchin, Herts., U.K.). 

Immunocytochemfstry 

Immunocytochemistry was carried out as detailed in Cramer and 
Cutler [23] using the rabbit PEP4 anti-PC2 antibody (kindly 
supplied by Dr. D. F. Steiner, Howard Hughes Medical Centre, 
University of Chicago, IL, U.S.A.). 

RESULTS 

The aim of this study was to investigate the structural require- 
ments for the transfer of proPC2 through the secretory apparatus. 
The approach adopted was to use site-directed mutagenesis to 
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Figure 2 Expression of hPC2 In COS-7 cells 

:Aj Pulse-chase analysis ol hPC2 immunoreactivity found in ceil extracts and medium from 
.-lis translated with pCR-PC2. At 48 h after lipofection, cells were labelled with [^methionine 
for 30 min and chased in culture medium for the times indicated. Medium samples were 
removed and saved and the cells were harvested in immunoprecipitation buffer. Samples were 
immunoprecipitated with anti-PC2 antibody, analysed on an SOS/9 %-PAGE gel and detected by 
fiuorography. The track marked M shows molecular mass marker proteins (kOa). (B) 
Glycosidase digestion of secreted hPC2 immunoreactivity. Immunoprecipitated protein from 
medium after an 8 h chase was treated with P.N.Gase F (P), Endo H (E) or left untreated (U). 
Samples were analysed on an SDS/9%-PAGE gel and detected by fiuorography. The track 
marked M shows molecular mass marker proteins (kOa). 



introduce specific point or deletion mutations within a human 
PC2 cDNA, and to transfect these constructs into- the monkey 
kidney cell line COS-7. These cells were used because of the high- 
level expression that could be attained using the pCR expression 
vector. ' 

^^he : hPC2"Constructs used in this study are shown in Figure 1. 

ThBG2 is a 61 3rarnirio-acid protein containing: (1) a signal peptide;.- 
(2) a propeptide (amino acids 1-84) which contains two cleavage 
sites at Lys-Arg-Arg- Arg 56 and Arg-Lys-Lys-Arg a4 ; (3) a catalytic 
domain containing the Asp-His-Ser catalytic triad which is 
characteristic of serine proteases; (4) a P-domain (amino acids 
415-569) which is conserved among members of the family; and 
(5) a C-terminal hydrophobic sequence (amino acids 592-613). 

. ; Jwo mutants were made which from previous studies [24] were 
^kriownto prevent proPC2 processing, i.e. ARKKR 84 -hPC2 and 
Di42N-hPC2.' Further constructs were designed to investigate 
the'role' of the propeptide in PC2 secretion. However, pre- 
liminary experiments indicated that complete deletion of the 

^ jprd^ptide affected the ability of the nascent polypeptide to fold 
cdrrectly, : with the result that the expressed protein was degraded 
withYn the 1 endoplasmic reticulum (ER) (K. I. J. Shehnan and 
iCDocherty, unpublished work). We therefore made a series of 
smaller. deletions, one of amino acids 5-49, a second of amino 
acids 54-77, a third of amino acids 66-80 and a fourth in which 
aminb acids.73-80 were deleted. Note that the primary (Arg-Lys- 
L'yVArg 64 ) and secondary (Lys-Arg-Arg- Arg 58 ) processing sites 
afe7etained within all these constructs. To investigate the role of 
C^tenriinaf sequences, we generated several C-terminaily trun- 
cated forms of hPC2: 414-hPC2, which lacks the P-domain; 
569-hPC2,. which terminates at the putative C-terminus of the 
P-dbmain; and 573-hPC2, which terminates at the end of the 
C-terminal region of identity between PC2 and PC 1/3. We also 
generated KDEL-hPC2, which has an ER retention signal added 
to its C-terminus. 

Expression of wild-type hPC2 in COS-7 cells resulted in the 
appearance of a single intracellular 75 kDa protein (Figure 2A) 
which was not present in mock-transfected cells (results not 
shown). This protein corresponds to proPC2. The amount of the 
75 kDa proPC2 protein in the cell decreased after 2 h, coinciding 
with the appearance in the medium of three proteins of 75, 71 
and 68 kDa. Proteins of similar sizes have been observed 
following expression of hPC2 in Xenopus oocytes [24] as well as 
in isolated rat islets of Langerhans [25], and have been shown to 
correspond to proPC2 (75 kDa), an intermediate generated 
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Figure "3 Expression of (A81-84)hPC2 and D142N-hPC2 in COS-7 cells 

Pulse-chase analysis of hPC2 immunoreactivity found in cell extracts and medium from cells 
transfected with pCR-(A81-84)hPC2 (A) and pCR-0142N-hPC2 (B). At 48 h after lipofection, 
cells were labelled with [^methionine for 30 min and chased in culture medium for the times 
indicated. Medium samples were removed and saved, and the cells were, harvested in 
immunoprecipitation buffer. Samples were immunoprecipitated with anti-PC2 antibody, analysed 
on an SDS/9%-PAGE gef and detected by fiuorography. The track marked M shows molecular 
mass marker proteins (kDa). (C) Glycosidase digestion of retained hPC2 immunoreactivity. 
Immunoprecipitated protein from extracts of ceils transfected with either (A81-84)hPC2 or 
D142N-hPC2 after an 8 h chase was treated with P.N.Gase F (P) or left untreated (U). Samples 
were analysed on an SOS/9 %-PAGE gel and detected by fiuorography. The track marked M 
shows molecular mass marker proteins. 



following cleavage at the sequence Lys-Arg-Arg-Arg 55 (71 kDa) 
and mature PC2 generated following cleavage at the sequence 
Arg-Lys-Lys-Arg M (68 kDa). The 75, 71 and 68 kDa proteins 
appeared simultaneously in the medium,- and there was no 
further processing in the medium during a subsequent 24 h chase 
period. Although the majority of the secreted material was 
unprocessed, these results suggest that a significant amount of 
processing was occurring within the COS-7 cells, and that the 
' processed material was rapidly secreted with no detectable 
intracellular accumulation. Expression of hPC2 at lower levels 
resulted in the secretion of a higher proportion of processed 
forms, indicating that the processing activity is saturable and 
suggesting that it is due to an endogenous activity in COS-7 cells. 
It would not be expected that material should accumulate in the 
secretory pathway in this cell line, as COS-7 cells do not have a 
regulated secretory pathway. 

Treatment with Endo H resulted in a small reduction of about 
2-3 kDa in the molecular masses of all three of the secreted 
proteins (Figure 2B). Treatment with P,N,Gase F generated a 
larger decrease in molecular mass, of about 6-7 kDa. These 
results indicate that, although most of the asparagine-linked 
sugar moieties have been modified to acquire Endo H resistance, 
a significant fraction have not, or have undergone further 
modifications to re-acquire sensitivity. A 46 kDa immunoreactive 
protein secreted with PC2 is visible in Figure 2(B). This protein 
remains uncharacterized but, given the similar effects of Endo H 
and P,N,Gase F on this protein, it is possible that it is a C- 
terminal cleavage product of PC2, presumably containing the 
three potential glycosyiation sites. 
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Figure 6 Immunoeytochemistry of hPC2, D142N-hPC2 and KDEl-hPC2 in COS-7 cells 



Cells were translated with pCR-PC2 (a, b). pCR-D142N-PC2 (c, d) or pCR-PC2-K0El (e, f). and plated out on to glass coversllps 48 h after t^^^iM^M^tPm ami tn ■ 
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had been deleted, and so the protein could not be glycosylated. 
However, unlike the other mutants, 41 4-hPC2 appeared to be 
degraded in the cell, albeit slowly." Two smaller C-terminal 
deletions, 569-hPC2 (Figure 5B) and 573-hPC2 (Figure 5C), 
both of which leave the P-domain intact, prevented secretion. In 
both of these cases the retained protein was not degraded and 
underwent slow-additional glycosylation. 

With mutant KDEL-hPC2 (Figure 5D), a single protein of 
75 kDa accumulated in the cell, with no increase in the molecular 
mass of the retained material. However, KDEL-hPC2 appears to 
be less stable in the ceil, with most of the labelled protein being 
tiograded after a 4 h chase and no labelled intracellular immuno- 
reactivity evident after an 8 h chase. 

The pulse-chase experiments identified two types of mutation, 
both of which resulted in the intracellular retention of the 
expressed protein. In one type the expressed protein was not 
proteolytically cleaved and' the resultant propolypeptide was 
stably retained and increased in size by about 3 kDa due to 
additional glycosylation. In the second type the expressed protein 
(i.e. 414-hPC2 and KDEL-hPC2) was also not cleaved, but did 
not increase in mass and was degraded over the chase period. To ' 
determine whether the two types of mutation affected the 
intracellular location of the expressed proteins, immuncyto- 
chemistry was performed on selected constructs. Cells expressing 
wild-type hPC2 exhibited the reticular pattern characteristic of 



the ER plus perinuclear concej^ protein 
(Figures 6a and 6b). Cells expre«mg^ j c 

D142N-hPC2 (Figures 6c an(r^^nd^DEL-hPC2 (Figl,,-^ 
6e and 60 exhibited reticular staim^ 

concentration. No significant difeYehce;in localization between 
the two classes of mutation ^bjj^^^en", at the resoluij,),, 
afforded by light microscopy/ S^'&' v f^-- 



discussion 

Expression of hPC2 in COS-7 cells resulted predominantly in u, i; 
secretion of 75 kDa proPC2, with; ; f£sse?amounts of the 71 uml 
68 kDa processed forms. We have previously shown that Xenoj m 
oocytes secrete the 75 and 71 kDa mojecules and that subsequent 
cleavage to the 7Kand 68 kDa forrnV occurs within the mediu,,, 
[24]. The 75 to 71 kDa cleavage is probably mediated by s, 
Xenopus furin-like protease(s), whereas the 75/71 to 68 kD* 
cleavage occurs by way of an autocatalytic mechanism which k 
activated in the medium as it becomes slightly acidified during 
extended culture of the oocytes [24]. In COS-7 cells the degree *4 
processing is not proportional to the level of expression, and it, 
the culture medium there is no further cleavage of the 75/71 V\y+ 
species to the 68 kDa mature enzyme, suggesting that cleavage^ 
the 75 kDa proPC2 molecule to the 71 kDa intermediate and tf* 
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Figure 4 Expression of (A54-77)hPC2, (A66-80)hPC2, (A73-80)hPC2 
and (A5-49)hPC2 in COS-7 cells " . 

Pulse-chase analysis of hPC2 immunoreactivity, founds cell extracts and medium from cells 
transrectal with pCR-{A54-77)hPC2 (A), pCR^A65-f0}hPC2 (B), pCR-{A73-^30)hPC2 (C) 
and pCR-{A5-49)hPC2 (0). At 48 h alter lipojection, .cells we/e labelled with (^methionine 
(or 30 min and chased' in culture medium for the; times indicated. Medium samples were 
removed and saved, and the cells were harvested ifVimmunbprecipitation butler. Samples were 
immunoprecipitated with anti-PC2 antibc^y..andjmmunoprecipitates were analysed on an 
SDS/9%-PAGE gel and detected by f luorograpHy.; jHe Uac*c marked M shows molecular mass 
marker proteins (kOa). (E) Glycosidase ' "digestion- of- retained' hPC2 immunoreactivity. 
Immunoprecipitated protein from extracts- oT ^cells'* transfected with (A54-77)hPC2. 
{A66-40)hPC2. (A73-80)hPC2 or (A5-49)hPC24er : an 8 rrchase was treated with P.N.Gase 
F (P) or left untreated (U). Samples were analy^Vn an; SDS/9VPAGE gel and detected by 
fluorography. The track marked M shows moleoijawnass marker proteins (kDa). 



Expression of the (A81-84)hPC2 (Figure 3A) and D142N- 
hPC2 (Figure 3B) mutants resulted in the appearance of 75 kDa 
proteins that were retained within the cell. Both proteins appeared 
to be relatively stable; however the 75 kDa proteins increased in 
size to 78 kDa over an 8 h chase period. Treatment of the 
material immunoprecipitated from cell extracts after an 8 h chase 
with P,N,Gase F resulted in the reduction of both bands to a 
single band of approx. 67 kDa (Figure 3C), indicating that the 
increase in mass was due to additional glycosylation. This 
suggests that these mutant peptides undergo initial glycosylation, 
followed by slow subsequent processing/modification. The glyco- 
sylation can also be completely removed with Endo H (results 
not shown), in contrast to the pattern of partial Endo H sensitivity 
found with secreted wild-type hPC2, suggesting that these 
mutants do not progress beyond the cis-Golgi and accumulate 
either in the ER or in the early Golgi. 
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Figure 5 Expression of 414-hPC2, 569-HPC2, 573-hPC2 and KDEL-hPC2 in 
COS-7 cells 

Pulse-chase analysis ot hPC2 immunoreactivity tound in cell extracts and medium from cells 
transfected with pCfl-41 4-hPC2 (A), pCR-569-hPC2 (B), pCR-573-hPC2 (C) or pCR-KDEL-:v'C2 
(D). At 48 h after lipofection, celts were labelled with [ 35 S]methionine for 30 min and chased 
in culture medium for the times indicated. Medium samples were removed and saved, and the 
cells were harvested in immunoprecipitation buffer. Samples were immunoprecipitated with anti* 
PC2 antibody, and immunoprecipitates were analysed on an SDS/9VPAGE gel and detected 
by fluorography. The track marked M shows molecular mass marker proteins (kDa). 



In order to investigate whether the propeptide contains a 
signal which must'be removed before PC2 can pass through the 
- secretory compartment, we next expressed a series of constructs 
containing deletions of regions in the propeptide. Expression of 
any of the mutants containing deletions between the primary and 
the secondary processing sites [(A54~77)hPC2 (Figure 4A), 
(A66-80)hPC2 (Figure 4B) and (A73-80)hPC2 (Figure 4Q] 
resulted in a similar pattern of intracellular retention to that 
found with D142N-hPC2 and (A81-84)hPC2, i.e. no immuno- 
reactivity was secreted, while the retained protein was not 
degraded appreciably over the chase period and underwent a 
slow, inefficient, increase in mass that could be reversed by 
treatment with P,N,Gase F (Figure 4E). In contrast, deletion of 
the region N-terminal to the secondary processing >' le 
[(A5-49)hPC2 (Figure 4D)] had a different effect. Within the 
labelling period (0 h chase) there were two principal products of 
66 and 70 kDa. The 66 kDa protein was unglycosylated proPC2 
(results not shown) which, during the subsequent chase period, 
was converted into the 70 kDa form. It should be noted that 
there was no detectable accumulation of unglycosylated proPC2 
protein when wild-type hPC2 was expressed in COS-7 cells. The 
(A5-49)hPC2 70 kDa proPc2 protein was not secreted ; however, 
there was no further glycosylation as seen with the other 
propeptide mutants. 

Deletion of the P-domain (414-hPC2; Figure 5A) prevented 
the secretion of PC2. In this mutant all ihree glycosylation sites 
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.gun 6 Immunocytochemistry of hPC2, D142N-hPC2 and KDEL-hPC2 In COS-7 cells 
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had K-cn deleted, and' so the> protein could not be glycosylated. 
Howo\_:;r. unlike the other; : mutants, 41 4-hPC2 appeared to be 
degraded in the cell, albeit slowly. Two smaller C-terminal 
deletions, 569-hPG2 (Figure 5B) and 573-hPC2 (Figure 5C), 
both of which leave the P^domain intact, prevented secretion. In 
hoth of these cases the; retained protein was not degraded and 
underwent slow additional glycosylation. 

With mutant KDEI>hPC2 (Figure 5D), a single protein of 
'5 IcDa accumulated in the cell, with no increase in the molecular 
mass ofthe retained material. However, KDEL-hPC2 appears to 
he less stable in the cell, with most of the labelled protein being 
degra-; J after a 4 h chase and no labelled intracellular immuno- 
rcactivity evident after an 8 h chase. 
Th e pulse-chase experiments identified two types of mutation, 
ol h of which resulted in the intracellular retention of the 
^pressed protein. In one type the expressed protein was not 
Proteolytically cleaved and the. resultant pro polypeptide was 
retained and increased in size by about 3 kDa due to 
. ditional glycosylation. In the second type the expressed protein 
" c. 414-hPC2 and KDEL-hPC2) was also not cleaved, but did 
j 01 Incr ^ase in mass and was degraded over the chase period. To 
* erm *ne whether the two types of mutation affected the 
r aceli u i ar location of the expressed proteins, immuncyto- 
<-mistry was performed on selected constructs. Cells expressing 
'type hPC2 exhibited the reticular pattern characteristic of 



the ER plus perinuclear concentration typical of Golgi proteins^ 
(Figures 6a and 6b). Cells expressing either type of mutation, Le.v 
D142N-hPC2 (Figures 6c and 6d) and KDEL-hPC2 (Figures:, 
6e and 6f) exhibited reticular staining, but with no perinuclear.,.* 
concentration. No significant difference in localization between ? 
the two classes of mutation could be seen at the resolution 
afforded by light microscopy. ^--:r 



ex*. 



DISCUSSION 

Expression of hPC2 in COS-7 cells resulted predominantly in the 
secretion of 75 kDa proPC2, with lesser amounts of the 71 and' 
68 kDa processed forms. We have previously shown that Xenopus; 
oocytes secrete the 75 and 71 kDa molecules and that subsequent 
cleavage to the 71 and 68 kDa forms occurs within the medium 
[24]. The 75 to 71 kDa cleavage is probably mediated by a' 
Xenopus furin-like protease(s), whereas the 75/71 to 68 kDa 
cleavage occurs by way of an autocatalytic mechanism which is 
activated in the medium as it becomes slightly acidified during 
extended culture of the oocytes [24]. In COS-7 cells the degree of 
processing is not proportional to the level of expression, and in 
the culture medium there is no further cleavage of the 75/71 kDa 
species to the 68 kDa mature enzyme, suggesting that cleavage of 
the 75 kDa proPC2 molecule to the 71 kDa intermediate and the 
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68 kDa mature enzyme occurs within the cell and is catalysed, at 
low efficiency, by an endogenous protease. 

The study with PNGase F indicated that all three potential 
glycosylate sites are utilized. Approx. 30% of the glycosyl 
residues on the secreted proteins are sensitive to Endo H 
suggesting either that they have undergone further unusual 
modifications or that, for some reason, the high-molecular-mass 
mannose chains have not been removed. This pattern of partial 
Endo H sensitivity is similar to that found with PC2 immuno- 
precipitated from rat islets of Langerhans [25], but different from 
that found in transfected CHO cells or RIN msf cells, where none 
of the sugar residues are resistant to Endo H [26]. 

Mutagenesis was undertaken to investigate the structural 
requirements for the transfer of PC2 through the secretory 
pathway. Previous studies on furin had shown that cleavage of 
P? 1 * 1 *^ 6 ma y 1)6 a Prerequisite for exit from the ER 
[27-29]. Dissociation of the propeptide and activation of the 
enzyme may occur in a later compartment. Unexpectedly in the 
present study all the mutant PC2 molecules were retained 'within 
the cell as a proenzyme. Thus, whereas wild-type proPC2 
(75 kDa) was efficiently secreted from COS-7 cells, mutations 
within the catalytic pocket or cleavage site, or deletion of 
propeptide sequences flanking the cleavage site or of sequences' at -1 
the C-terminus of proPC2, resulted in the retention of proPG2 * - 
within the cell. These results suggest that the efficient transfer pfV 
proPC2 through the secretory pathway is dependent on- 
structural conformation or post-translational modification thatch 
is disrupted by disparate mutations spanning the length of tne 
protein. 

Homology modelling of furin suggests that residues + 1 to— 6- - 
are important in interactions with the substrate-binding region 
[30]. As PC2 shows substantial sequence identity with furin, it 
seems likely that these interactions are also important for 
substrate recognition in PC2, and it is possible that .some 
structural motif between residues 73 and 77 (i.e. -8 to -12) is 
required. Recent molecular modelling studies have suggested 
that the primary cleavage site folds into the active site of the - 
prohormone, and it may be that the deletions in the propeptide 
[i.e. (A54-77)hPC2, (A66-80)hPC2 and (A73-80)hPC2], or de- 
letion of the Arg-Lys-Lys-Arg 84 cleavage site, or mutagenesis of 
the catalytic pocket (D142N), may affect this interaction, and. 
that correct insertion of the propeptide into the active site is 
required before exit from the ER can occur. 

There may be a different explanation for the retention of the 
(A5-49)hPC2 mutant. This deletion causes an approx. 3-fold ; % 
reduction in the rate of initial glycosylation, and this mutant " 
does not acquire the additional glycosylation found with the 
other propeptide deletion mutants. It is likely that the decrease in 
the glycosylation rate is a result of misfolding of the molecule, 
since it is assumed that this region of the protein acts as an 
intramolecular chaperone, as is the case with the homologous ' 
bacterial protease subtilisin BPN' [31]. In subtilisin a portion of 
the propeptide is required for formation of the correct tertiary 
structure, and denatured protein will only refold if the propeptide 
is present, whether in cis or trans conformation. 

The C-terminally truncated mutant 414-hPC2 is turned over in 
the cell relatively rapidly. In the case of Kex2 it was found that 
mutant proteins containing deletions in the P-domain were 
catalytically inactive and were not secreted. It was suggested that 
they may be acting by disrupting recognition of the processing 
site, and that the mutants accumulate in the cell because of their 
inability to undergo processing to remove the N-terminal pro- 
peptide [17]. However, in the case of PC2 it appears that deletion 
of the P-domain causes a structural alteration that results in 
degradation of the resultant proenzyme in the ER. In contrast, 



the other two C-terminally truncated mutants, 569-hPC2 and 
573-hPC2, behaved in an identical manner to D142N-hPC2 and 
the four peptides containing deletions adjacent to and including 
Uie primary processing site. This is puzzling, as neither of the J 
deletions stretch into the P-domain, as defined by identity with 
Kex2, and we have seen that a smaller deletion in the C-terminus 
(PC2 Ml) is secreted in a similar manner to the wild type [241 
The structures of the P-domain and the C-terminus are unknown 
at present, and it may be that these regions interact with the 
propeptide in some way. 

Pulse-chase analysis of cells expressing KDEL-hPC2 showed 
that, as expected, this mutant is not secreted: The protein r! oes 
not undergo the additional glycosylation found with most o; the 
mutants and is degraded relatively rapidly. The similarity of the 
fate of this mutant to that of 414-hPC2 suggests that both of 
these proteins are retained in the same compartment. - 

The similarity in the immunocytochemistry. for KDEL-hPC? 
and D142N-hPC2 suggests that all the mutants are retained I 
the ER. However, the differences in additional glycosylation 
suggest that the majority of the mutants are retained less 

^ nU u y ^ d ?° J SSibly • thcrefore by a different mechanism) than 
; KpEL-hPC2. It does not appear that these mutants-are si^njy . 

trapped in the ER, or are retained by the same retrieval pathway 
vas : KDEL-hPC2. It is possible that these mutants • are biocked in 
,a very early Golgi compartment and 4 back up \intpj the ER. . 

rjhiszwork was , supported-by a grant from the MRC. We thank^ Don Steiner lor 
providing the PEP4 rabbit anti-PC2 antibody and the hPC2 cDNA. - 
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Human factor Xs*»to Domixo is a form of coagulation 
factor X in which a mutation within the signal peptide 
r gion of the precursor protein has been correlated 
g netically with a severe deficiency of factor X in the 
affected individual. A point mutation results in substi- 
tution of Arg for Gly at the critical -3 position of the 
factor X signal peptide. To determine the biochemical 
effect of this mutation on the biosynthesis of factor X, 
th wild-type and mutant factor X cDNAs were sub- 
cloned into a vector for transcription and translation 
in vitro. Translation products of mRN As encoding por- 
tions of both mutant and wild-type proteins were used 
in a systematic bi^henfwal- kp'prbach-'to evaluate di- 
rectly the effect o^thfe^n^atwn bri targeting, trans- 
port, and proteolytic processing in vitro. The results 
sh w that targeting and transport of factor X s .nu> Doming 
t the endoplasmic reticulum are functionally disso- 
ciated from the remoyalpf the signal peptide by signal 
peptidase. Factor Xs*»to Domi^ is translocated into the 
endoplasmic reticulum but not processed by signal pep- 
tidase. Transient expr^ipn of the wild-type and mu- 
tant factor X in human|^ kidney 293 cells 
r vealed apparent^no^^ glycosy- 
lated two-chain formof^factbr X but no'secretion of 

factor X SmmU > D^mi^^mW^^^y of signal pe ? t{ ' 
dase to cleave f actdrJ^Si^t^^ is directly responsible 
f r the absence of clrJi^ X and leads to the 

bleeding diathesis in|tiij$^ individual. 




Secreted proteins are- generally Synthesized as precursors 
having NH 2 -terminal : sig^ target nascent 

secretory proteins to ith| eftdoplasmic reticulum (ER) 1 and 
are then removed by signal-peptidase (1). Although signal 
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GM32861 (to M. 0. L.) and HL48322 and HL06350 (to K. A. H.). 
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18 U.S.C. Section 1734 solely to indicate this fact. 
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istry, Bowman Gray School of Medicine, Medical Center Boulevard, 
.Winston-Salem, NC 27157. Tel.: 919-716-4674; Fax: 919-716-7671. 

1 The abbreviations used are: ER, endoplasmic reticulum; H0SP t 
hen oviduct signal peptidase; FX, coagulation factor X; FXsd, FX 
Santo Domingo; FXwt, FX wild-type, Chaps, 3-[(3-cholamidopro- 
pyl)dimethylammonio] - 1 -propanesulfonate. 



peptides that target proteins to the ER have widely variable 
amino acid sequences, they do have three common structural 
features: a net positive charge at the NH 2 terminus; a central 
hydrophobic region; and a carboxyl-terminal region with 
small, nonpolar amino acids at positions —1 and —3 (signal 
peptides are numbered negatively from the site of cleavage 
toward the NH 2 terminus of the precursor) preceding the 
cleavage site (2). A number of mutations within, or near, 
signal peptides have now been described that alter the proc- 
essing of human secretory proteins (3-6). Human interferon 
ojI has a signal peptide structure that presents two alternative 
cleavage sites for signal peptidase resulting in circulation of 
two forms of the protein that differ by two amino acids (7). 
Additionally, an insertion/deletion polymorphism has been 
identified in the signal peptide of the human apolipoprotein 
B gene that-predicts two apolipoprotein B signal peptides: 
one that encodes a peptide of 27 residues and one that encodes 
a peptide of only 24 residues (8). The effect of this mutation, 
if any, on secretion of apolipoprotein B has not been demon- 
strated. , 

Antithrombin Dublin is an electrophoretically fast variant 
of antithrombin that has been shown to be the result of a 
mutation at the -3 position of the signal peptide in which 
Val is replaced by Glu (4). Individuals expressing the mutation 
produce a form of antithrombin in which 2 amino acids 
normally found; at the NH 2 terminus have been removed 
during synthesis. It has been proposed that the Val -+ Glu 
substitution redirects the site of cleavage by signal peptidase 
to a bond 2 amino acid residues toward the COOH terminus 
of the normal protein. This mutation appears to have no 
direct correlation with any pathological condition (4). 

Similarly, albumin Redhill is an electrophoretically slow 
form of human serum albumin that contains two different 
mutations, one of which appears to cause signal peptidase to 
cleave at an alternate site (3). A substitution of Cys for Arg 
at the penultimate position of the pro peptide (not the signal, 
or pre, peptide) of preproalbumin apparently creates a pre- 
ferred site for cleavage by signal peptidase. It was hypothe- 
sized, but not proven, that this mutation causes signal pepti- 
dase to preferentially cleave following the newly introduced 
Cys, 5 residues into the propeptide. Consequently, albumin 
Redhill circulates with an additional Arg residue at the NH 2 
terminus that would normally have been removed during 
processing of proalbumin. As with antithrombin Dublin, there 
is no disease state associated with the presence of albumin 
Redhill 

Mutations in human signal peptides have been correlated 
with defective secretion and a consequent pathological state 
in only two reported cases: preproparathyroid hormone (5), 
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and coagulation factor (FXsd; Ref. 6). Substitu- 

tion of Arg for Cys within the hydrophobic core of prepropar- 
atnyroid hormone causes a disruption of the core that leads 
to impaired translocation and/or processing of the nascent 
hormone. This mutation is the apparent cause of one form of 
familial isolated hypoparathyroidism (5). FXsd is a mutant 
form of human factor X in which a point mutation results in 
the substitution of Arg for Gly at the -3 position of the signal 
peptide (F,g. l; Ref. 6). The patient bearing this mutation 
" hl ™ a severe bleeding diathesis associated with less than 
1% HX enzymatic activity and less then 5% circulating FX 
protem. The intracellular consequences of this mutation are 
not immediately predictable since a mutation within a signal 
peptide could potentially affect secretion at one or more 
stages It could block targeting of the nascent polypeptide to 
the ER or it could block translocation through the bilayer A 
mutant signal peptide could also prevent cleavage by signal 
peptidase or direct cleavage to a new site (9, 10). To distin- 
guish among these possibilities, a systematic approach using 
mKNAs encoding both mutant and wild-type prepro-FX pro- 
teins was used to study the effect of the mutation on targeting 
translocation, and proteolytic processing by signal peptidase.' 
The results precisely define the effect of the Santo Domingo 
mutation and provide a model approach for analyzing the 
effects of signal peptide mutations on each stage of targeting 
translocation, and proteolytic processing of secretory precur- 
sor proteins. 

EXPERIMENTAL PROCEDURES 
Synthesis of mRNA in Vitro-All cloning procedures used restric- 
^x,!"^ 116 * and modi .^ n g enzymes purchased from Promega. The 
f im ° r £? Pro FXwt and P"pro-FXsd (6) were subcloned into the 
bacl/BamHI sites of the plasmid pGEM-3Zf(+) (Promega) in the 
correct onentatKm for transcription by T7 RNA polymerase. Synthe- 
sis of mRNA in vitro was carried out on 2-5 M g of linearized DNA 

™»t ^m%^ le / e , nds) for 15 h at 37 " C « the presence of 40 
mM Tris/HCl.pH 7.5, 6 mM MgCl„ 2 mM spermidine, 10 mil NaCl, 
0.5 mM each rATP, rCTP, rGTP, and rUTP, and 40 units of T7 RNA 
polymerase (Ur.S: Biochemical Corp.). 

Polymerase Chain Reaction-Two synthetic oligonucleotides were 
prepared using an Applied Biosystems Model 380 DNA synthesizer 
Ir^T^^f the ' T7 P rom °** of the pGEM-3Zf(+) plaamid is: 
5 -TAA TAC GAC TCA CTA TA-3' (oligonucleotide T7) The com- 
plementary region between bases 583 and 600 of FX cDNA is- 5'- 
CGC GGA TCCCTA CCA TGT GAT GCT GTC AGG-3' (oligonu- 
cleotide X200). The underlined sequence is a BamHl site added at 
the 5 -end of oligonucleotide X200. Polymerase chain reaction am- 
plification (ll)-was performed in a final volume of 100 jd containing 
1 « of target DNA (plasmids pGEM-FXwt/FXsd), 10 mM Tris/HCl 
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^Tp 3 dCTp M dCTP imS?* ge ' atin " 200 * M each 

iS. V. G ' ■ nd dTTP ' 1 "8 of each o gonucleotide and 1 
unit of Taq DNA polymerase (AmpliTaq, Perkin ElmeSs) The 
reaction mixtures were subjected to 20 cycles of denaturation at 94 X 

ZrZl hT ? WM reoowwed * Phenol/chloroform 
scribed above Prestation and directly transcribed as de- 

Cell-free Protein Synttesis-Translation of mRNA in a cell-free 
system was performed, according to the manufacturer's (Promega) 
procedure in rabbit reticulocyte lysate or wheat germ extract Z 

d™! 2 W mC7f r ^ , I [ ^ lmethi ° nine ' M 

cine, or 1-2 mCi/ml [Hjalanine, as specified in the figure legends 

Translation products were analyzed by SDS-PAGE (12) in the nres- 
ence of 2-mercaptoethanol foUowed by autoradiography of the dried 
gel usmg Kodak X-Omat AR films (Eastman Kodak) EnhghtTing 
(Du Pont-New England Nuclear) was used for fluorographv of Jeb 
containing tritiated amino acids. ™6™pny oi gels 

J*™"? Ac * *«"f» Analysis-In preparation for amino acid 
sequence analysis, the proteins were separated by SDS-PAGE and 

sSbea \ IV B T^ ma ^ the «r conditions as de- 

atS v£ V \ \ , - ^ ed b,0t WM eip0sed to f,lm for autoradiography 
and the bands of interest were cut from the membrane and subjected 

d < 5 EdmaD de |f adation S» *" Applied Biosystems MoZ 
475 Protem Sequencer The content of radiolabel released by each 
cycle of Edman degradation was determined by liquid scintillation- : ' 
counting. - ». ; . t 

lufttT*^ As **- A ^"^on-independent assay usffip^i. 
full-length and truncated prepro-FXwt/sd proteins (produced by cell^ « t - 
free protein synthesis) as substrates for detergent-solumlizeckeri^ ^ 
oviduct signal peptidase (HOSP) was employed (14)^ n :^ofel^ V 
paction volume of 20 M l, 2-4 M l of cell-free translation pro^ctwSe 'S^ 
W? t£ t . ^Posed of 10 mM Tris/Cl, P H 8, 250 mM NaCVl . 
10% (w/v) glycerol, 1 mM MgCl* 5 mM Chaps, 20 mM dithiothr^iiol^^-" 

Hn£ ^ Next/5pl of partis purified^ ^ 

HOSP diluted in the same buffer, were added and the mixture^ 
incubated at 28 C for 60 min. Reactions were stopped by heatine the- * * " - 

bv SDS JapTtL^ th T thC re f: ti0n i >r0duct3 ^re : sepaxajedu> J ; 
5^^ P a ^^ e *"« was sub ^ to autoramogra^^^, 

A*s<V* for Translocation, Processing, and Membrane Ass6^iaW$^M^ 
lvJ^ M COding for truncat ** prepro-FXwt/200 and -p^ro-" ' *^ 
FXsd/200 were translated in a cell-free rabbit reticulc^^te^t^":: 
system in the presence of dog pancreas rough microsomear-^The ^ ^ ' 
procedure followed was essentiaUy as described (10) ex^0thaS^^" 
trypsin and chymotrypsin were used at a final concentratiori%50^->l 
Mg/ml each, instead of proteinase K. Carbonate extraction of micro^' l f v * " 
somes was carried out as described (10) except that the translation— : - 
mixtures were not treated with protease. '~; 

Expression in Human Embryonic Kidney Ceils— Full-length; prev ^i 
pro-FX constructs were transfected into human embryonic kidney "V * 1 
293 cells as described (6). Forty-eight hours following transfection^r 



FlC. 1. The signal peptide se- 
quence of factor X. The amino acid 
sequences of the NH r terminal prepro 
region of FXwt (29) and FXsd (6) are 
shown. The substitution of Arg for Gly 
at the -3 position of the signal peptide 
of FXsd is highlighted in italic charac- 
ters. The actual site of signal peptidase 
cleavage demonstrated in this report (see 
Fig. 4) is indicated by the arrow. Num- 
bers above the amino acids indicate their 
position relative to the signal peptidase 
cleavage site. 



Factor Xwt Met Gly Arg Pro Leu His Leu Val Leu Leu"S : eV 
Factor Xnd Met Gly Arg Pro Leu His Leu Val Leu Leu Ser' 

1 . io: .:„. 



-3. 



Ala Ser Leu Ala Gly Leu Leu Leu Leu Gly Glu Ser Leu .Phe 
Ala Ser Leu Ala Gly Leu Leu Leu Leu Arg Glu Ser Leu Phe 

20 23 24 

+3 +8 +11 +13 

II* Arg Arg Glu Gin Ala Asn Asn Ila Leu Ala Arg Val Thr 

lie Arg Arg Glu Gin Ala Asn Asn Il« Leu Ala Arg Val Thr 

30 

Arg Mature protein 

Arg Mature protein 

40 
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the cells were pulse-labeled for 30 min with 0.5 mCi/ml [ M S]methio- 
nine in Dulbecco's modified Eagle's medium/F-12 medium in the 
presence of 10% (v/v) dialyzed fetal bovine serum and then chased 
for 30 min, 2 h, and 6 h. At each time point, the medium was collected 
and the cells were lysed in 50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 
1% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, and 0.1% 
(w/v) SDS. Cell lysate fractions and culture media were immunopre- 
cipitated using rabbit anti -human FX polyclonal antibodies (Dako 
Corp., Santa Barbara, CA). To determine whether the translated 
translocated proteins were glycosylated, 5-jd aliquots of immunopre- 
cipitated FX proteins were treated with peptide JV-glycosidase F (N- 
Glycanase, Genzyme Corp., Cambridge, MA) as described (15). Pro- 
teins were separated by SDS-polyacrylamide gel electrophoresis and 
were detected by autoradiography. 

RESULTS 

cDNAs encoding both prepro-FX wild.type (prepro-FXwt) 
and prepro-FXs.nto Dominio (prepro-FXsd) were subcloned into 
the vector pGEM-3Zf(+) to permit transcription of mRNA 
for translation in vitro (Fig. 2). Proteins produced by cell-free 
translation of mRNAs can be analyzed in translocation-de- 
pendent assays that reconstitute the early steps of the secre- 
tory pathway that include membrane targeting, translocation, 
and proteolytic processing of nascent proteins (16). The same 
mRNAs can be used to prepare proteins for translocation-, 
independent assays where the fully synthesized precursor/ 
proteins are substrates for purified signal peptidase (17). _ 
Incubation of full-length secretory precursor proteins rwitH- 
detergent-solubilized HOSP (14) results in cleavage gf^tlie^ 
signal peptide and the processed protein product ^ can' jbeL 
detected because its smaller size usually results in an increased * 
mobility compared to the precursor when analyzed by SDSr, 
PAGE and autoradiography. Transcription and t cellifree; 
translation of the full-length prepro-FXwt and prepro-FXsd 
mRNAs produced polypeptides each with an apparent molec-^ 
ular mass of 64 kDa based on the mobility during SDS-PAQE 
(under reducing conditions) although the calculated molecular ^ 
mass of the polypeptide chain is 54,377 Da. These translation^ 
products were imrnunoprecipitable with anti-human EXvarir j: 
tibodies. Pro-FXwt, which was expected to result from; Jrfe^ 
moval of the 23-residue signal peptide from fidl-length prepr^ 
- - • ^i- * 



FXwt after treatment with signal peptidase, was not clearly 
resolved from the precursor by SDS -PAGE under reducing 
conditions (data not shown) so an alternate approach was 
taken. Since it has been shown that signal peptidase normally 
cleaves nascent proteins during synthesis and translocation 
into the ER before the completion of the polypeptide chain 
(16), truncated versions of prepro-FX proteins were engi- 
neered so that the change in molecular weight resulting from 
removal of the signal peptide could be readily observed by 
SDS-PAGE analysis. 

The first set of prepro-FX molecules with carboxyl-terminal 
deletions was created by transcription of prepro-FXwt and 
prepro-FXsd pGEM plasmids linearized by cleavage at a 
unique Pstl site within the coding region to obtain mRNAs 
encoding the first 127 amino acids of each protein (Fig. 2). 
Cell-free translation of these mRNAs yielded proteins mi- 
grating on SDS-PAGE with an apparent molecular mass of 
18 kDa (Fig. 3a, lanes 1 and 3). These truncated constructs 
were designated prepro-FX wt/1 27 and prepro-FXsd/127 for 
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Fig. 2. Plasmid constructs of full-length and truncated 
forms of prepro- FX wt/sd. For the transcription of the full-length 
mRNAs, the plasmids were linearized with BamHl endonuclease 
which cleaves the plasmid downstream from the termination codon. 
To obtain the truncated prepro-FX/127, either wild-type or mutant, 
the plasmids were linearized with Pstl endonuclease at an internal 
site of the FX cDNA sequence following codon 127. The construction 
of prepro-FX/200 (wt or sd) was accomplished by polymerase chain 
reaction amplification of a 712-base pair fragment from the plasmids, 
which includes the first 200 codons of the FX sequence, as described 
under "Experimental Procedures." The location of the X200 primer 
is shown. 



Fig. 3. Assays for processing, translocation, and segrega- 
tion of prepro-FX wt/sd. a, translocation-independent processing 
assays (17) were performed on truncated prepro-FX/127 (wt and sd) 
obtained by translation of mRNAs in a wheat germ extract system 
supplemented with 1 mCi/ml [ 3 H]Leu. Aliquots of the translation 
mixture were subsequently incubated with HOSP (+) or buffer only 
(-) as described under "Experimental Procedures." Lanes 1 and 2 
show the translation products from the wild-type constructs while 
lanes 3 and 4 show the mutant proteins. 6, for targeting, translocation, 
and segregation assays, the mRNAs coding for prepro-FX/200 (wt 
and sd) were translated in a rabbit reticulocyte lysate system supple- 
mented with 1 mCi/ml j^SJMet in the presence (+) or absence (-) 
of dog pancreas rough microsomes {RM), After translation was com- 
pleted, aliquots of the translation reactions were treated with a 
mixture of trypsin and chymotrypsin {Prot ) in the presence (+) or 
absence (-) of 1% (v/v) Triton X-100 {Det). Lanes 1, 3, 5, and 7 
show prepro-FXwt/200; lanes 2, 4, 6, and 8 show the mutant protein, 
prepro-FXsd/200. 
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the normal and mutant proteins, respectively. The products 
of cell-free translation were then treated with purified HOSP 
in a translocation-independent assay to determine the ability 
of the peptidase to cleave each truncated precursor. HOSP 
cleaved prepro-FXwt/127 to yield a faster migrating protein 
band which was consistent with the removal of the signal 
peptide (Fig. 3a, lane 2). However, HOSP was unable to cleave 
prepro-FXsd/127 (Fig. 3a, lane 4) which differs only by the 
presence of Arg in place of Gly at the -3 position before the 
predicted (see below) signal peptidase cleavage site. 
To directly determine the site of cleavage by HOSP, prepro- 

^™i? beled ™ ih either ™ lk or f 3H ] A la was digested 
with HOSP. The product of signal peptidase cleavage (Fig 
3a, lane 2) was isolated and subjected to automated amino 
acid sequence analysis as described under "Experimental Pro- 
cedures." Sequence analysis of the signal peptidase cleavage 
product of [ 3 H]Ile-prepro-FXwt/127 released 3 H at cycles 3 
and 11 (Fig. 4A), whereas the cleavage product of [ 3 H]Ala- 
prepro-FXwt/127 released 3 H at cycle 8 (Fig. 45). These 
results are consistent with cleavage after Ser 23 (Fig. 1). In 
later cycles of sequence analysis of this protein, a larger than 
usual increase in the carryover of amino acid residues from 
one cycle to the next accounts for the peaks of radioactivity 
observed in cycles 12 (Fig. 4/1 ) and 9 (Fig. 4B). Similar 
problems were encountered upon sequence analysis of the 
full-length prepro-FXwt (not shown) and are attributed to 





Cycles 

Fig. 4. Amino acid sequence analysis of the signal peptidase 
cleavage product of prepro-FXwt/127. The product of SP cleav- 
age of prepro-FXwt/127 was isolated as described under "Experimen- 
tal Procedures" and subjected to automated NH 2 - terminal amino acid 
sequence analysis. Panel A shows the result of Edman degradation of 
pro-FX labeled with [ 3 H]IIe. Panel B shows the result of amino acid 
sequence analysis of pro-FX labeled with [ 3 H] Ala. 



the difficulties encountered with the sequence analysis 
method. J 

Having established that the substitution of Arg for Gly 
blocked translocation-independent cleavage of prepro-FXsd 
by signal peptidase, we next investigated the effect of the 
mutation on the membrane targeting and translocation func- 
tions of its signal peptide. A second set of truncated molecules 
designated prepro-FX/200, was prepared containing the first 
200 amino acids of prepro-FX (Fig. 2). Because there were no 
convenient restriction sites within the coding sequence that 
would yield a truncation mRNA of the desired size, the 
polymerase chain reaction (11) was used. Two synthetic oli- 
gonucleotides were designed to bracket a 712-base pair region 
mcluoang the T7 RNA polymerase promoter region and the 
first 200 amino acids of the prepro-FX coding sequence (see 
Experimental Procedures"). These oligonucleotides were 
used as polymerase chain reaction primers to amplify DNA 
from prepro-FXwt and prepro-FXsd pGEM plasmids. The 
DNA amplification products were then directly transcribed 
by T7 RNA polymerase and the resulting mRNAs translated 
m the cell-free synthesis system. Translation of each trun- 
cated mRNA yielded a protein migrating with an apparent 
molecular mass of 24 kDa (Fig. 36, lanes 1 and 2). As with 
the 127-residue FX molecules, HOSP cleaved prepro-FXwt/ 
200 but not prepro-FXsd/200 in translocation-independent 
assays (not shown). 

Prepro-FX/200 mRNAs were next translated in a cell-free 
protein synthesis system in the presence of dog pancreas 
rough microsomes (18) and the locations of the protein prod- 
ucts were probed by addition of proteases. Proteins that are 
targeted to the ER and translocated to the interior of the 
microsomal vesicles in these translocation -dependent assays 
are protected from digestion by added proteolytic enzymes 
which cannot enter the vesicles (19). Prepro-FXwt/200 was 
cleaved by signal peptidase (Fig. 36, lane 3) and the processed 
form was protected from proteolysis (Fig. 36, lane 5). Although 
not cleaved by signal peptidase (Fig. 36, lane 4), prepro-FXsd/ 
200 was properly targeted to the microsomes because its 
unprocessed form was also protected from digestion by added 
proteases (Fig. 36, lane 6). The protection from proteases 
observed in each case must have resulted from insertion of * 
prepro-FXsd/200 and pro-FXwt/200 into the microsomes be- 
cause addition of detergent to the reaction mixture allowed 
the proteases to penetrate the microsomes and destroy all 
protected FX molecules, establishing that they were not in- 
herently stable to the protease digestion (Fig. 36, lanes 7 and 
8). 

Following cell-free synthesis of prepro-FX molecules in the 
presence of microsomes, the vesicles were extracted with 0.1 
M Na 2 CO a , pH 11,5, to determine whether the processed 
protein products were integrated into the lipid bilayer. Treat- 
ment of membrane vesicles at high pH solubilizes non-mem- 
brane proteins and leaves only integral membrane proteins 
associated with the sedimentable lipid bilayers (20). This 
technique revealed that the unprocessed prepro-FXsd/200 
and prepro-FXwt/200 were primarily associated with the pel- 
leted membranes (Fig. 5). In contrast to the uncleaved prepro- 
FXsd/200, the processed pro-FXwt/200 was released into the 
supernatant upon treatment with carbonate, further demon- 
strating that the cleaved form of the protein had been cor- 
rectly targeted to the interior of the microsomes in a soluble 
state. We conclude that the uncleaved prepro-FXsd/200 is 
translocated into the microsomal vesicles where it is protected 
from proteolysis and remains anchored in the ER membrane 
via the uncleaved hydrophobic signal peptide. 

Less than 10% of prepro-FXwt/200 was observed associated 
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Fig. 5. Extraction of microsomes with carbonate. xnRNAs 
coding for prepro-FX/200 wild type ( WT) and Santo Domingo {SD) 
were translated in a rabbit reticulocyte lysate system supplemented 
with 1 mCi/ml [^SJMet in the presence of dog pancreas rough 
microsomes. Following the completion of translation, the microsomes 
were treated with 0.1 M Na 2 C0 3 (Ref. 10). The resulting pellet (Pel) 
and supernatant (Sup) fractions from each carbonate extraction were 
immunoprecipitated with anti-factor X then examined by SDS-poly- 
acrylamide gel electrophoresis and autoradiography. 

with the microsome pellet following carbonate extraction (Fig. 
5). This precursor form must be exposed on the exterior 
surface of the microsomes because all uncleaved prepro- 
FXwt/200 molecules were shown to be susceptible to prote- 
olysis (Fig. 36, lane 5). This result suggests that at least a 
small proportion of correctly targeted precursor protein mol- 
ecules are present in a membrane-bound form that is not 
extractable by carbonate yet remains accessible to added 
proteinases. This may be the result of an experimental artifact 
of the cell-free protein synthesis system in which the concen- 
tration of microsomes was limiting. Nevertheless, the effect 
of the Santo Domingo mutation on targeting of factor X is 
clear. In the case of prepro-FXwt/200, all translocated pro- 
teins, as defined by protection from proteolysis, are cleaved 
by signal peptidase. This result stands in contrast to the 
mutant factor X for which none of the translocated prepro- 
FXsd/200 molecules were cleaved. 

Experiments were next designed to compare the results 
obtained with the truncated proteins in a cell-free system 
with the effect of the mutation on the secretion of the full- 
length proteins transiently expressed in a eukaryotic cell line. 
We followed the fate of pulse-labeled FX in transfected hu- 
man embryonic kidney 293 cells (6), in the cell media, and in 
the intracellular fraction (Fig. 6). The mature, two-chain form 
of FXwt (21) was secreted beginning at 30 min and reached a 
maximum level of secretion at approximately 6 h (Fig. 6a). In 
contrast, FXsd was not detected in the cell medium at any 
time up to 24 h following the pulse of [ M S J methionine (Fig. 
66). In each case, FXwt and FXsd proteins detected in the 
intracellular fraction were sensitive to digestion by iV-glycan- 
ase indicating that they were glycosylated (Fig. 7) and there- 
fore had reached the lumen of the ER. Cleavage by N- 
glycanase results in small, measurable increases in electro- 
phoretic mobility of the factor X proteins consistent with the 
removal of approximately 2 kDa of carbohydrate. These re- 
sults parallel those obtained in the cell-free system, confirm 
the efficient translocation of prepro-FXsd into the lumen of 
the ER, and show the absolute block of the secretion of the 
mutant protein. 

DISCUSSION 

Signal peptides are recognized by several different proteins 
of the eukaryotic translocation and processing apparatus dur- 
ing the initial stages of targeting and transport of nascent 
proteins into the ER (22). They are apparently recognized 
first by the 54-kDa subunit of the signal recognition particle 
which binds to the nascent protein and directs the entire 
synthetic complex to the ER (23, 24). Once bound to the ER, 
signal peptides may also interact with components of a pos- 




FiG. 6. Metabolic labeling of cells transfected with prepro- 
FXwt and with prepro-FXsd.' Human embryonic kidney 293 cells 
transfected with full-length prepro-FX constructs were pulse-labeled 
for 30 min. with [ M S]Met, then chased for 0.5, 2, and 6 h. Cell lysates 
(C) and culture media (5) were collected at each time point and 
immunoprecipitated using rabbit anti-human FX polyclonal antibod- 
ies. Panel a shows the results for the wildrtype FX protein and panel 
b the results for FXsd. * • '■>-■■ 



N-Glycanase 




Fig. 7. Treatment of prepro-FX molecules with iV-glycan- 
ase. Intracellular formVofjfactbr X proteins produced during meta- 
bolic labeling in human- embryonic kidney 293 cells were used to 
determine whether ; thev proteins were glycosylated. The wild-type 
(Wt) and Santo DomingoV(5P) factor X products present immedi- 
ately following the criase: 'with* unlabeled methionine were either 
treated (+) or not treated :(-) with ViV-glycanase to remove any 
attached carbohydrate. ^Trie products of the Af-glycanase reaction 
were then separated by SDS-poIyacrylamide electrophoresis and de- 
tected by autoradiography. "C-Labeled molecular weight standards 
{Std) are shown in the first lane, 

tulated translocation apparatus (25). A 35-kDa ER membrane 
protein has been identified by photochemical cross-linking as 
a putative signal sequence receptor (26). Additional proteins 
yet to be identified may interact- with the peptide as it is 
inserted into the translocation site. Finally, most ER signal 
peptides are proteolytically removed by signal peptidase once 
the nascent protein has begun the process of transport or 
insertion into the ER (16). It is difficult to define those aspects 
of the signal peptide that serve as recognition determinants 
for the various proteins that bind them because the amino 
acid sequences of individual signal peptides vary considerably 
(1, 27). Because the structural characteristics that mediate 
the specific interactions of signal peptides with the multiple 
components of the translocation mechanism are not yet well 
understood, the occurrence of a mutation within a signal 
peptide can have unpredictable consequences. The experi- 
ments described here provide an approach using several es- 
tablished techniques to dissect the early steps of the secretory 
pathway and identify those affected by mutations in the signal 
peptide region. The use of truncated mRNAs to produce 
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shorter precursor protein molecules is especially useful in 
those cases where the removal of the signal peptide from 
larger proteins is not easily demonstrated by SDS-PAGE 
methods. 

Since the interaction of the signal peptide with the signal 
recognition particle is the" first critical stage in targeting of 
the nascent polypeptide chain to the ER, some signal peptide 
mutants abrogate targeting and cause the protein to be syn- 
thesized m the cytoplasm (1). Our experiments demonstrate 
that the targeting step is not blocked by the mutation in FXsd 
as the mutant protein is delivered to microsomal vesicles 
during cell-free protein synthesis (Fig. 3) and to the ER during 
synthesis in intact cells (Fig. 6). These experiments demon 
strate further that the mutation also does not block the 
process of translocation into the lumen. It is the final step in 
signal peptide function, its recognition and cleavage by signal 
peptidase, that is dramatically impaired in the case of FXsd 
as a direct result of the substitution of Arg for Gly at the -3 
position of the FXsd signal peptide. Both truncated forms of 
prepro-FXwt analyzed in these experiments were cleaved to 
pro-FX by detergent-solubilized signal peptidase in vitro. 
Under the same experimental conditions, cleavage of the 
truncated prepro-FXsd molecules was not observed. 

Sequence analysis' of thje signaTpeptidase cleavage product 
of prepro-FXwt provided the first direct demonstration of the 
site of processing of human prepro : FX. A preliminary report 
on the site of cleavage; of .the signal peptide for the bovine 
protein has appeared (28)_'and the site in human prepro-FX 
has been correctly in febed from comparison of the gene 
organization of opher vitamin K-(lependent coagulation fac- 
tors (29, 30), butihis study.is the first to demonstrate the site 
directly. Signal pe$;jt^ following Ser 23 . 

Among the generlallstructurarifeatures that are present in 
all signal peptides/ the amino acids close to the cleavage site 
appear to have the :^^n]^st .influence, on the specificity of 
cleavage by signal p^pt^dase;(^ Signal peptides must have 
amino acids with siajl^ -1 and -3 sites 

immediately before vthejsite of cleavage (2). Large aromatic, 
charged, or polar aminp^acid residues are not observed at 
these sites. The placemehUof L Arg at the critical -3 position 
of the prepro-FXsd-'iriutant signal peptide clearly interferes 
with cleavage. It shoulcEbe noted that this mutation did not 
induce a shift in signal^ site, an effect that 

has been observed in other cases. For example, substitution 
of Glu for Val at the ^3; position of antithrombin Dublin 
results in redirection of signal peptidase cleavage to a new 
site 2 residues toward v theieOOH:terminus of the protein (4). 
Similarly, albumin. Redhill is ;another example in which a 
mutation appears to redirect :signal peptidase cleavage to a 
new site (3). Signal peptidase appears to have some degree of 
flexibility in its selection of the site for cleavage if a suitable 
alternative site is present. In the case of prepro-FXsd, it 
appears that a suitable alternative cleavage site is not avail- 
able so the result of the mutation is to block cleavage com- 
pletely. 

The results obtained in the cell- free system were further 
corroborated by the results of the transient expression of the 
full-length prepro-FX wild-type and Santo Domingo proteins 
in human embryonic kidney cells. The wild- type protein was 
processed and secreted efficiently in its two-chain zymogen 
form (21) while the mutant FX was never detectable in the^ 
cell culture medium. Consistent with the observations in vitro, 
the protein detected in the intracellular compartment was 
glycosylated demonstrating that the mutant protein was in- 
deed translocated into the ER where glycosylation takes place. 



The finding that the uncleaved signal peptide anchors prepro- 
r-Xsd/200 in the microsomal membrane suggests the possibil- 
ity that uncleaved prepro-FXsd remains inserted in the ER 
m vwo. As an abnormal ER membrane protein, it is likely 
that prepro-FXsd is retained in the ER. All membrane or 
soluble proteins that are retained in the ER because of im- 
proper folding, failed oligomerization with required subunits 
or aberrant post-translational processing, are eventually de- 
graded (32, 33). Sometimes this degradation process is quite 
rapid. In the case of prepro-FXsd transfected in human em- 
bryonic kidney cells, the protein is relatively stable although 
it is evident that the protein is degraded slowly in these cells 
The patient expressing this mutation did have a very low level 
of FX antigen detectable in her blood which could represent 
a small portion of prepro-FXsd that escaped degradation. 
. It is now clear that mutations in signal peptides of human 
secretory proteins can have serious consequences. Although 
only two examples have been described thus far which result 
in disease, preproparathyroid hormone (5) and factor X Santo 
Domingo (6), additional examples will surely be recognized in 
the future. As described here, a systematic approach to the 
study of the specific effects of such mutations on the earliest 
stages of the biosynthesis of secretory or membrane proteins 
will lead to more complete understanding of the role of signal 
peptides and signal peptidase in human physiology. 
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/^T^Somal dominant form of familial neu^h^physe^dia- 
betes insipidus (adFNDI) is a rare disease characterized by P°s. taata » 
2?tdKKria and a deficient neurosecretion of t^tidiuretK 
h^one P a&e vasopressin (AVP). Since 1991. adFNDI has been 
inked to 3lSrent mutations of the gene that codes for the vaso- 
' ■>rPssin-neuroDhysin II (AVP-NPII) precursor. 
^aWth^resent study were to relate the clmical Phenotype 
toSsScgenofype and to the molecular genetic effects of the most 
n^ue^yrepVrtedadFNDI mutation located at the cleavage site of 
SSaj Swe of AVP-NPII [Ala(-l)Thr]. Genetic analysis and 
diniSud^ of AVP secretion, urinary AW a^dunne output were 

^Srn^d in 16 affected and 16 unaffected famrfy " 
of a Danish adFNDI kindred carrying the Ala(- l)Thr 
K^MutLtcomplementa^^ 

: -.Sresi^toaneuiigenicceUline(Neuro2A). and the cellular effects 

THE AUTOSOMAL dominant form of familial neurohy- 
pophyseal diabetes insipidus (adFNDI) is a rare dis- 
• ease characterized by persistent thirst, polydipsia polyuria, 
'.arida deficient neurosecretion of the antidiuretic hormone, 
arginine vasopressin (AVP) (1-5). The deficiency of AVP 
secretion develops early in childhood (6) and appears to be 
caused by degeneration of magnocellular neurons in the 
supraoptic and paraventricular nuclei (7-10). 

Since 1991, adFNDI has been linked to 31 different mu- 
tations in 1 allele of the gene that codes for the ^AVP-neu- 
rophysinHprecursor protein, AVP-NPII (6, 11-30). This gene 
is located in chromosome 20 and consists of 3 exons tot 
encode, respectively, 1) the 19-amino acid signal peptide 
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were studied by Western blotting, immunocytochemistry. and AVP 

studies showed a severe d« of 

olasma and urinary AVP that manifested during childhood. The ex- 
pSonTtudleTd^monstrated that the Ala( - l)Thr mutant cells pro- 
duTedTfold less AVP than wild-type cells and accumulated kxcessvve 
Solnts of 23-kDa NPII protein corresponding 
AVP-NPII Furthermore, a substantial portion of the intracellular 
AVP-NPII precursor appeared to be colocalized with an endoplasmic 

"STS'S dependent confirmation that this 
Ala(-1^ mutation produces adFNDI by directing the production 
of a muta^tTeproho?mone that accumulates in the endoplasnnc 
retfculumbecause it cannot be cleaved from the signal peptide and 
trans^dlo neurosecretory vesicles for further prooess.ng and se- 
cretion. (J Clin Endocrinol Metab 84: 2933-2941. 1999) 



(SP), vasopressin (AVP), and the amino-terminal region of 
the transport protein NPII; 2) the highly cora*rv^tad 
part of NPn; and 3) the carboxyl-terminal region of NPn and 
a glycoprotein, copeptin (31). Of the 31 different mutabons 
identified in adFNDI, 4 are predicted to alter the signal pep- 
tide (6, 13, 17, 20-22, 24, 25), 1 is predicted to alter the AVP 
moiety (26), and the other 26 are predicted to alter the MP 
moiety 11 12, 14-20, 23-25, 27-30). Of the 4 SP mutabons, 
3 are locaied near the cleavage site. One that substitutes 
threonine for alanine at position -1 is the most common 
mutation described in adFNDI, as it has now been found m 
7 apparently unrelated families in America, Japan, Denmark, 

^Based on the location and type of mutations identified in 
adFNDI and the lack of any major differences in the mimical 
phenotypes, we and others have postulated that all of the 
mutations act by replacing or deleting one or more amino 
acids important for proper folding and processing of the 
preprohonnone (17). As a result of this defect, the mutant 
precursor cannot be folded and dimerized and is retained in 
the endoplasmic reticulum, where it accumulates and even- 
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tually kills the cell by interfering with the orderly processing 
of other essential proteins. This hypothesis is supported by 
recent in vitro expression studies that demonstrate accumu- 
lation of mutant AVP-NPH precursor within the endoplas- 
mic reticulum (ER) (32, 33). In the resent study, we have 
investigated both the clinical phenotype and the cellular and 
biochemical effects of the AVP-NPH gene mutation most 
often identified in adFNDI. 

Subjects and Methods 

Subjects 

Studies were performed on 32 living members (16 men and 16 wom- 
en; mean age, 34 yr; range, 2-69 yr) from .3 generations of a Danish 
kindred previously shown to have FNDI (4) in association with a mis- 
sense mutation predicted to alter the C-terminal residue of the signal 
peptide (17) (Fig. 1). Also studied were 11 spouses of the affected kindred 
members (aged 47.1 ± 11 yr). The local ethical committee approved the 
study, and appropriate informed consent was obtained from all human 
subjects. 

Clinical tests 

Members of the family were questioned about the signs and symp- 
toms of diabetes insipidus. All but two of those with a history of polyuria 
and polydipsia had one or more tests to confirm the diagnosis of diabetes 
insipidus. The tests included 1) measurements of the 24-h urine volume, 
urine osmolality, plasma osmolality, and plasma A VP when the subjects 
were untreated and on ad libitum fluid intake; 2) measurements of 
plasma osmolality, plasma vasopressin, and urine osmolality during a 
fluid deprivation test or infusion of hypertonic (3%) saline (34); and 3) 
measurement of spot urinary osmolality during treatment with thera- 
peutic doses of l-des-airuno-D-arginine-8 A VP (DDAVP). In some af- 
fected and unaffected family members, vasopressin was also measured 
in spot urines collected randomly under conditions of ad libitum fluid 
intake. 

Laboratory 

Plasma AVP was measured by RIA, which was a modification of the 
method described previously (35). Before the assay procedure, C l8 Sep- 
Pak extraction was performed;. a rabbit anti-AVP was used (ICM Im- 
munochemicals, Tumba, Sweden). The minimum level of detectability 
was 0.5 pg/mL. The coefficients of variation were 13% (interassay) and 
9% (intraassay). Urinary AVP was determined after lyophilization and 
reconstitution to isotonicity with distilled water, and the values are 
expressed per mg creatinine as previously described (6). Plasma and 
urine samples were measured for osmolality by freezing point depres- 
sion (Advanced Cryometric Osmometer, 3C2, Advanced Instruments, 
Needham, MA). Plasma creatinine was measured by routine methods. 

Amplification and sequencing of genomic DNA 

Genomic DNA was extracted from the buffy coat of peripheral leu- 
kocytes as described previously (6). All exons of the VPNPII gene were 
amplified separately by PCR using 30-bp primers flanking each exon. 
The primer sequences and locations as well as the PCR cycling condi- 
tions have been described previously (17). For restriction enzyme di- 



gestion analysis, the PCR product was digested with the endonuclease 
Bstm following the manufacturer's instructions. 

Construction of expression vectors 

A pc-DNA 1 plasmid (Invitrogen, San Diego, CA) containing a 700-bp 
human wild-type complementary DNA (cDNA) fragment encoding the 
entire human AVP-NPH precursor protein, pcDNA-HV2 (36), was pro- 
vided by Prof. D. Richter, Eppendorf University (Hamburg, Germany). 
Sequencing of the plasmid revealed a deviation from the normal 
genomic sequence, namely a G to T substitution at position 2120 in the 
genomic sequence (position 579 in the cDNA sequence (36), predicting 
an amino acid change in the NPII moiety (Gly^Val). This discrepancy 
was corrected by replacing the distal part of the cDNA with a PCR- 
generated fragment from the genomic DNA of a control subject. 

The signal peptide mutation Ala(-l)Thr was introduced by site- 
directed mutagenesis according to the PCR-based method described by 
Kuipers et al (37). In the first PCR, a DNA fragment was amplified with 
a flanking primer in the central portion of exon 2 and a mutagenesis 
primer containing a G to A substitution at position 279 in the genomic 
sequence. The purified PCR product from the first PCR was then used 
as a megaprimer together with the T7 primer in a second PCR with the 
wild-type plasmid as a template. After digestion with HindHl and Sma\ t 
the purified product from the second PCR was ligated back into the 
wild-type plasmid. To confirm that no PCR-derived errors were present, 
the constructed plasmid and the wild-type plasmid were checked by 
sequencing. 

Cell culture and transfection 

Mouse Neuro2A cells were obtained from the American Type Culture 
Collection (Manassas, VA) and were grown in DMEM (Life Technolo- 
gies, Inc., Gaithersburg, MD) supplemented with 10% FCS. The cells 
were maintained in a 5% C0 2 atmosphere at 37 C. One day before 
transfection, the cells were recultivated in culture flasks at 50% conflu- 
ence. Transfection of the cells with recombinant plasmids or pcDNA 1 
vector as a control was performed using a calcium phosphate copre- 
cipitation method (38, 39). 

Northern blotting and measurement of secreted 
immunoreactive AVP 

Sixteen hours after transfection, the cells were plated in either six-well 
plates for measurement of AVP immunoreactivity in the cell medium or 
in culture bottles for Northern blot analysis. The following day the cells 
from the six-well plates were washed in PBS and supplied with 2 mL 
fresh culture medium. After 24 h, the culture medium was harvested. 
The cells were lysed, and the protein concentration of the lysates was 
determined by Bradford protein assay (Bio-Rad Laboratories, Inc., 
Hercules, CA). For Northern blotting, the cells were grown for 48 h in 
culture medium. Total ribonucleic acid (RNA) was isolated from the 
transfected cells using a RNA extraction kit (RNAzol, WAX Chemical 
Co., Bad-Sodem, Germany). Total RNA (5 /tg) was subjected to agarose 
gel electrophoresis and transferred to a Zeta Probe membrane (Bio-Rad 
Laboratories, Inc.) by capillary blotting. A 600-bp human AVT-NPII 
cDNA was radiolabeled (Prime It, Stratagene, La Jolla, CA) with 32 P and 
used as a probe. Hybridization and autoradiography were performed 
using standard methods. 
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Fig. 1. Pedigree of a Danish kindred 
with diagnosed adFNDI. Clinically af- 
fected subjects are marked with black- 
ened symbols. Presence of the Ala( - l)Thr 
mutation by either sequencing or restric- 
tion enzyme digestion is marked with a 
plus. As shown* all clinically affected sub- 
jects (n = 16) and none of the unaffected 
(n = 27) had the mutation. 




THIS PAGE BLANK (uspto) 



STUDIES IN FAMILIAL NEUROHYPOPHYSEAL DIABETES INSIPIDUS 



2935 



Western blot analysis 

Forty-eight hours after fcransfection, cells for Western blotting were 
lysed with Ndet buffer (1% Nonidet P-40, 0.4% desoxycholate, 66 
mmol/L ethylenediamine tetraacetate, and 10 mmol/L Tris-HCl, pH 
7.4) supplemented with protease inhibitors (Trasylol, 200 U/mL; 
leupeptin, 10 /xg/mL; bacitracin, 200 fig/mh; phenylrnethylsuln> 
nylfluonde, 250 /xmol/L; Sigma Chemical Co., St. Louis, MO) (33). 
When differentiated cells were studied, cells were grown in serum- 
free medium for 24 h before cell lysis. Cell extracts were subjected to 
16.5% Tris-tricine gel electrophoresis, and separated proteins were 
electrotransferred to a polyvinylidene difluoride membrane using a 
transfer buffer containing 50 mmol/L boric acid (pH 9.0) and 20% 
methanol. For the detection of NPII proteins, the membranes were 
blocked and incubated with anti-NPII antibody (DAKO Corp., 
Glostrup, Denmark), and the proteins were detected with a chemi- 
luminescence detection system (Western-Light Plus Kit, Tropix, Bed- 
ford, MA). 

Immunostaining and confocal laser scanning microscopy 

Immediately after transfection, cells were grown in chamber slides 
(Nunc, Copenhagen, Denmark) for 24 h in culture medium containing 
10% serum followed by 24 h in serum-free medium to induce differ- 
entiation to neuronal cells. The cells were then fixed with 4% parafor- 
maldehyde and immunostained essentially as described by Jensen et al 
(40). The primary antibodies were directed specifically against NPII 
(anti-NPII, rabbit anti human-NPO, ICN Biochernicals, Inc. Costa Mesa, 
CA). The secondary antibody was fluorescein isothiocyanate-conjugated 
porcine rabbit antibody (Dakopatts, Copenhagen, Denmark). For con- 
focal laser scanning ^microscopy (Leica Corp., Heidelberg, Germany), we 
used a two-layer immunostaining procedure separated by a washing 
period in PBS. The cells were incubated for 60 min at room temperature 
vith the NPII antibody diluted (1:1000) in blocking reagent (Boehringer 
dannheim, Mannheim, Germany) followed by incubation with the sec- 
ondary antibody (1:200) for another 60 min. 

To look for colocalization of NPII and endoplasmatic reticulum or 
Golgi apparatus,.cells were also incubated with either a mouse antibody 
directed against an ER antigen (Grp78; Stress Gen, Biotechnologies, 
Victoria, fJC, Canada; diluted 1:50) (33) or a mouse antibody directed 
against a Golgi ant^ Golgi membrane protein 

58K, Sigma; 1:50), followed by incubation with rhodamine-conjugated 
goat antimduse;ahtibody (Sigma; diluted 1:200). After washing, cover- 
slips were mounted with one droplet of anti-fade solution (41). 



The Grp78 antibody is monoclonal and identifies glucose-regulated 
protein 78 (Grp78) also known as Ig heavy chain binding protein and 
additional proteins containing the KDEL retention signal sequence. The 
KDEL retention signal is a cajrboxyl-terminal sequence (Lys-Asp-Glu- 
Leu) shared by luminal ER proteins and is shown to be attached to 
proteins retained in the ER (42). The FITC-conjugated antibody and 
rhodarrune-conjugated antibodies are visualized by confocal laser scan- 
ning microscopy as red and green fluorescent colors, respectively Co- 
localization of the NPII protein and Grp78 protein results in a meree 
between these two colors that is visualized as an oranee/vellow fluo- 
rescent color. 

Results 

Clinical studies 

Sixteen members (7 women and 9 men) from 3 generations 
of the kindred had a history of polyuria and polydipsia since 
childhood. The clinical results are listed in Table 1. In sum- 
mary, the age of onset in this kindred was rather high and 
averaged 3.2 yr (range, 2.5-9 yr). All but one patient (FIII-11) 
showed complete diabetes insipidus with an inability to con- 
centrate urine and a severely deficient secretion of AVP dur- 
ing osmotic stimulation. There was no significant gender 
difference in the severity of polyuria even when values were 
corrected for body weight (data not shown). Ail 15 patients 
responded well to treatment with DDAVP and, except for 1 
who chose not to continue treatment, currently maintain nor- 
mal urine volumes and osmolalities on intranasal doses ranging 
from 10-40 jug (mean, 22 iig/day). As in other adFNDI kin- 
dreds, 1 diseased affected family member (FI-1) had experi- 
enced a gradual decline in urine volume after the age of 50 yr 
to a level at which treatment was no longer necessary. 

As shown in Fig. 2, mean urinary vasopressin measured 
in a random sample and expressed as a function of the 
concurrent urinary creatinine was significantly lower in 14 
affected subjects than in 11 unaffected family members 
and 11 spouses (15 ± 8, 39 ± 15, and 35 ± 13 pg/mg 
creatinine, respectively). Although the individual values in the 



TABLE 1. Clinical and hormonal data on 16 affected patients from a Danish kindred with familial neurogenic diabetes insipidus 



Basal 



Osmotic stimulation 



DDAVP 



Patient 


Gender 


:*'(yr) 


BW 
(kg) 


Age of 
onset 
(yr) 


Uvol 
(L/24 h) 


Uosm 
(mosmol/kg) 


Posm < ; Pavp 
(mosmol/kg) (pg/ml) 


Type 


Posm^ 
(mosmol/kg) 


P flv Pm« Uosm^ 
(pg/mL) (mosmol/kg) 


DD 
(i-n.) 
(jig/day) 


Uosm 
(mosmol/kg) 


FIII-2 


F : 


>63 


•■98 




14.5 


65 


290 


0.6 


H 


312 


0.7 


135 


10 


360 


FIII-3 


M * 


:58 


70' 


2-3 


11.0 6 


87 














ir 




FIII-6 


M 


55 


65 


Childhood 


6.8 


164 


293 




F 


310 




202 


20 


469 


FIII-7 


M 


51 


84 


Childhood 


10.8 


100 


289 




F 


303 




166 


20 


498 


FIII-11 


M 


39 


76 


Childhood 


6.8 


222 


290 




F 


296 




343 


15 


473 


FIIM4 


M 


47 


82 


2-3 


10.0 6 
















30 


561 - 


FIV-2 


M 


42 


128 


3 


28.9 


71 


293 












40 


416 


FIV-6 


F 


38 


86 


3 


14.7 


74 


296 


0.5 


H 


311 


0.7 


83 


40 


512 


FIV-11 


F 


33 






















20 


902 


FIV-14 


M 


33 


88 


3 


11.8 


168 


292 


0.7 


H 


299 


0.8 


196 


10 


546 


FIV-18 


F 


17 


55 




6.6 


99 


236 




F 


292 




154 


20 


304 


FIV-21 


F 


22 


64 


9 


9.0 6 
















10 


733 


FV-1 


F 


10 


40 


4 


13.2 


75 


298 


1.6 


H 


311 


1.6 


75 


20 


318 


FV-2 


F 


8 


40 


2 


12.0 


65 


294 


1.1 


H 


302 


1.3 


59 


40 


729 


FV-4 


M 


16 


56 


2 


16.5 


71 


297 


0.9 


H 


314 


1.1 


95 


20 


849 


:fv-5 


M 


13 


41 


3 


12.8 


63 


291 


0.9 


H 


307 


1.1 


85 


20 


641 


Mean 








3.4 


12.4 


102 


292 


0.9 




305 


1.0 


144 


22 


554 


SEM 








0.6 


1.4 


13.9 


1.0 


0,14 




2.2 


0.13 


25 


2.7 


48 



H, Hypertonic saline infusion; F, dehydration test; DD, daily dose; ir, irregular use. 

a When tested. 

6 Home measurement. 
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Fig. 2. The urinary excretion of vasopressin (U-AVP), as determined in spot urine and related to creatinine content, showed significantly lower 
values in affected individuals compared with unaffected individuals or spouses. As shown in the lower panel, an age-dependent loss of vasopressin 
secretory capacity was indicated by a highly significant negative correlation between U-AVP levels and age in both affected and unaffected family 
members. Affected members; O, unaffected members; A, spouses. : - '<'i 

As shown in Fig. 6, Western blotting of lysates from cells 
transiently transfected with wild-type cDNA revealed one 
band of protein that reacted with the NPU antibody. It cor- 
responded in size to the 21-kDa glycosylated pro- A VP pre- 
cursor. In contrast, cells transfecteii with the mutant cDNA 
produced a slightly larger band of protein mat had a mo- 
lecular size of approximately 23 r kDa, which is similar to 
uncleaved, glycosylated prepft^^VPv : 1 

As shown in Fig. 7, cells transfected with wild-type cDNA 
contained small aggregates of c ^n:ir^unoreactivity (green 
color) that was distributed throughout the cytoplasma, es- 
pecially in the tips of the cellular" processes where the secre- 
tory vesicles normally are located (Fig. 7 A). However, in ceDs 
expressing the mutant cDNA, me immunofluorescence was 
localized to the perinuclear network and was observed to a 
much lesser extent in the tips of me : cells (Fig. 7B). Labeling 
with the Grp78 antibody (red color) showed a uniform pe- 
rinuclear staining in both cells expressing the wild-type (Fig. 
7C) and those expressing the mutant cDNA (Fig. 7D). When 
the cells were double labeled with the NPII antibody (green) 
and the Grp78 antibody (red), the wild-type cells showed no 
colocalization (Fig. 7E). However, double labeling of the cells 
expressing the mutant cDNA showed that a substantial por- 
tion of the NPII protein appeared to be colocalized with the 
ER antigen Grp78 (orange/yellow color, Fig. 7F). Double label- 
ing of the cells with the NPII antibody and the Golgi antibody 
revealed no colocalization in either wild-type or mutant cul- 
tures (not shown). 

Discussion 

These studies provide further clinical and molecular ge- 
netic evidence that a missense mutation affecting the -1 
signal peptide residue of the AVP-NPD preprohormone 



3 groups overlapped slightly, at a cut-off level of 25 pg/mg 
creatinine the positive predictive value for detecting adFNDI by 
: this method was 81.3%, and the negative predictive value was 
952%. As shown in the lower panel of Fig. 2, urinary vasopressin 
excretion correlated negatively with age in both affected and 
unaffected family members (r = -0.78; P < 0.001 and r = -0.71; 
P < 0.05, respectively). 

Genotyping 

equencing the coding region of AVP-NPII gene in 12 of 
the 16 affected family members revealed that all of them 
have a single base substitution (G-»A) at position 279 in 
exon 1 of 1 allele. This mutation predicts the exchange of 
Ala with Thr at the -1 position of the signal peptide 
moiety (Fig. 3). No abnormalities were found in the rest of 
the coding region of the gene. As the mutation eliminates 
a restriction site for the endonuclease BsfUI, digestion of 
exon 1 with this enzyme resulted in an abnormal 269-bp 
fragment in affected subjects (Fig. 4). This abnormal prod- 
uct was found in all 16 affected family members, but in 
none of the 16 who were unaffected or any of the 11 
spouses (Figs. 1 and 4). Two children (FV-7 and FV-10) 
who had no symptoms but were too young to assign a 
phenotype both showed a normal digestion pattern. 

Expression studies 

As shown in Fig. 5, Neuro2A cells transiently transfected 
with the wild-type cDNA secreted significantly more im- 
munoreactive A VP into the medium (41.2 ± 5.6 pg/M-g cell 
protein-24 h) than the cells transfected with Ala(-l)Thr mu- 
tant cDNA (5.8 ± 0.9) or the unmodified vector (0.1 ± 0.01). 
Northern blotting showed similar levels of messenger RNA 
expression (data not shown). 
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FIG. 3. A, Scheriati^ region of the AVP-NPII 

gene The ah^^S^ti^l^yi^-peit^ mutation. B, Section of 
the sequencihg-cl^malog^'obtaiiied by bidirectional dye termi- 
nator sequencing of PGR, ? ampUfiedexon 1 of the AVP-NPII gene from . 
one of the affecteUmemDers of the family (a, sense; b, antisense) and 
from an unaffe^^em1^¥/anti.aenae), The arrow indicates the 
heterozygous mutation seen in both the sense and the antisense 
chromatogram from the affected family member. SP, Signal peptide; 
VP, vasopressin; NP,'heurophysin; CP, copeptin. 

causes adFNDI by dir^tog the production of a mutant AVP- 
NPII precursor that cannot be processed and routed nor- 
mally. As in- previous reports of kindreds with this mutation 
(6, 13, 17, 20, 24), ifccosegregated perfectly with clinical signs 
of the disease, affected equal numbers of males (9) and fe- 
males (7), and was transmitted to approximately 50% of those 
at risk. Like a previous report (6), we also found that the 
clinically affected members always had a greater than 50 A> 
deficiency in AVP secretion even though only one allele or 
the gene was mutated. These findings are fully consistent 
with a completely penetrant autosomal dominant trait. 

The present study also supports a previous report (6) that 
the AVP deficiency produced by this Ala(-l)Thr mutation 
is not present at birth, but develops early in childhood and 
worsens progressively with time. Thus, we found that the Dl 
in our kindred reportedly began at ages ranging from 2-9 yr, 
and the urinary AVP excretion in these patients correlated 
negatively with age. However, as in other adFNDI f amilies, 
the debut of symptoms (2-9 yr) as well as the seventy of 
polyuria (6.6-28.8 L/24 h) and the AVP deficiency (assessed 
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Fig. 4. BsfUI digestion of PCR product from genomic DNA from five 
affected and nine unaffected family members of the FNDI kindred. 
Agarose gel electrophoresis of the digestion products showed a het- 
erozygous pattern with an abnormal band (269 bp) in all affected and 
in no unaffected family members. 

by both plasma and urine content) varied considerably 
within the family. Because of this variability and the limited 
number of patients usually available for careful evaluation, 
it is difficult to determine with certainty whether there are 
significant differences in the severity of the disease produced 
by the various AVP-NPII gene mutations. However, there is 
some evidence suggesting that the age of onset is lower in 
several kindreds with mutations in the NPII moiety 
(Leu^Pro, Gly* 7 Arg, and Arg^Pro) than in those with the 
Ala(-l)Thr mutation in the SP (27, 29). This difference is 
consistent with theoretical expectations, because mutations 
affecting the SP cleavage site would be expected to allow the 
formation of some normal prohormone from the mutant 
alleles, whereas the NP mutations would not (17, 27). 

The wide variability in the age of onset and severity of the 
AVP deficiency among patients with the same Ala(-l)Thr 
mutation is unexplained but is probably due to individual 
differences in other generic or environmental influences on 
the neurohypophysis. For example, the rate of production of 
the mutant precursor could vary due to individual differ- 
ences in the control of gene expression and/or the intensity 
of neurohypophyseal stimulation. Susceptibility to the pos- 
tulated toxic effect of the mutant precursor could also vary 
due to individual differences in the capacity to degrade or 
otherwise dispose of the mutant precursor. Finally, the se- 
cretory reserve of the neurohypophysis could also vary due 
to individual differences in the development of the gland. 

Our finding that the basal urinary AVP /creatinine ratio 
declines with age in unaffected as well as affected family 
members was unexpected because the plasma AVP response 
to osmotic stimulation increases with age in healthy adults 
(43). This discrepancy may be due to age-related differences 
in urinary AVP clearance or other variables, such as the rate 
of basal water intake and insensible loss. Either way, it is a 
reminder that even when adjusted to the rate of creatinine 
excretion, urinary AVP excretion is not always a reliable 
index of AVP secretion (44) or AVP secretory capacity. Thus, 
it raises questions about the significance of the age-related 
decline in urinary AVP that we and others (6) have observed 
in patients with adFNDI. Nevertheless, the measurement of 
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FlG. 5. RIA measurements of A VP immunoreactivity (irAVP) se- 
creted into the cell medium for 24 h. The immunoreactivity is ex- 
pressed as picograms of irAVP per /ig cell protein/24 h. The data 
represent the mean ± SD from six wells and demonstrate that cells 
transfected with the wild-type cDNA secreted irAVP at an B-fold 
higher level than cells transfected with mutant cDNA. { 



the AVP/creatinine ratio in spot urine samples appears^ be 
a relatively good predictor of AVP deficiency, af least-in; \ 
severely affected patients. As such, it seems worthy of further, 
investigation as an alternative to measurement of plasma 
AVP during osmotic stimulation. 

Expression of the Ala(-l)Thr mutation in a neurogenic 
cell line with a secretory apparatus capable of processing the 
wild-type AVP-NPII gene through the regulated pathway 
(45, 46) provides further evidence that the mutabOTiimriairs 
the production of AVP by interfering with cleavage jpf the 
signal peptide from the preprohormone and its traffickihg, 
from the ER to the secretory vesicles. Thus, comparedrtpuvT 
Neuro2A cells transiently transfected with me ; -wil<jj^e:v 
AVP-NPII cDNA, cells transfected with the Ala(-l)t^ 
tant cDNA produced about 8-fold less immunoreactiye 
accumulated a NPII-containing protein that had electrp--- 
phoretic properties indistinguishable from those of uh- * 
cleaved prepro- AVP-NPII, and remained associated witbthe 
endoplasmic reticulum. ' ^:^r : - • 

In the only strictly comparable study published to date; Ito;> 
et al (32) also found that the Ala(-l)Thr mutation impaired 
AVP secretion by Neuro2A cells. The degree of impairment 
was about the same as that with two other mutations 
(Gly^Ser and Cys 67 stop), but appeared to be less than that 
with another (5Glu 47 ) that was also associated with adFNDI. 
Robertson et al also reported that Neuro2A cells transiently 
or stably transfected with the Ala(-l)Thr mutant produced 
10- to 100-fold less immunoreactive AVP and died sooner 
after differentiation to postmitotic neurons than cells simi- 
larly transfected with cDNA lacking this mutation (47, 48). 
Although the human AVP-NPII cDNA used in these studies 
was found later to deviate from the standard sequence at a 
locus in exon 3 (see Materials and Methods), the relative de- 
ficiencies in AVP production and viability associated with 
the Ala(-l)Thr mutation are also relevant here because the 
deviation in exon 3 was also present in the wild-type cDNA, 
was located in an unconsented coding region of the gene, and 



FlG, 6. Western blotting of NPII protein in the cell lysates transiently 
transfected with vec£or alone (Ve) or wild-type (WT) or mutant (M) 
cDNA. In both the undifferentiated and differentiated Neuro2A cells, 
the mutant NPII protein was larger than the wild-type signal, indi- 
cating impaired cleavage of the signal peptide. The cells were differ- 
entiated to neuronal cells by growth for 24 h in serum-free medium. 

has not been reported to affect AVP production in any 
system. 

There are several possible mechanisms by which the 
Ala(-l)Thr mutation could cause the observed abnormali- 
Kties in vasopressin production, precursor processing, and 
^cellular trafficking. Theoretically, the Ala(-l)Thr mutation 
could either impair cleavage of the signal peptide or misdi- 
rect cleavage to an alternate site one or more residues up- 
stream (17, 49, 50). Misdirected cleavage of the signal peptide 
was not observed in this or another study (32) that used 
pulse-chase techniques, and Western blotting in the present 
study also revealed only one abnormal band of approxi- 
mately 23 kDa, consistent with uncleaved glycosylated pre 
pro: AVP-NPII. Whether the lack of the 21-kDa band should 
■ beiaken as evidence for a complete inhibition of SP cleavage 
">in~ : the mutant is not clear, as it can be argued that any 
.correctly cleaved fraction of the prohormone would be fur- 
vther processed into the regulated pathway and thus would 
/ not show up on a Western blot of cell lysate. In any case, 
'■ .failure to remove all of the signal peptide from the N-ter- 
r -minus of the AVP moiety is likely to hinder its insertion in 
the A VP-binding pocket in neurophysin, a process that is 
r necessary for normal folding and dimerization of the pro- 
^ hormone (51). 

- The present study also confirms that, in contrast to the 
. wild-type prepro- AVP-NPII, a substantial portion of the mu- 

- tant precursor appears to be colocalized with the ER. Im- 
munostaining using confocal laser scanning microscopy 
clearly demonstrates that antibodies against the mutant pro- 
tein colocalize with those against the Grp78 protein that 
resides in the ER. In contrast, no colocalization was found 
using an antibody against a Golgi protein (data not shown). 
In contrast, antibodies against the wild-type protein did not 
colocalize to either the ER or Golgi, but were concentrated 
elsewhere in the cell body, especially in the cell processes. 
This finding agrees with the results of other studies (32, 33), 
which showed that this and other mutations associated with 
adFNDI seem to result in retention of the mutant precursor 
in the ER. In the study by Ito et al (32), however, NPII and 
ER protein were stained separately, and colocalization was 
judged by the localization of fluorescent material in the cell- 

Although the results of this in vitro study help to clarify 
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some of the cellular effects of this mutation, they do not 
demonstrate the mechanism of its dominant negative effect 
in vivo. Autopsy studies in a few patients with adFI^DI have 
consistently shown atrophy of the posterior pituitary, gliosis, 
and a paucity of magnocellular neurons in the supraoptic 
nucleus (7-10). These observations as well as the delayed 
onset of the AVP deficiency (6) suggest that the disease is due 
to postnatal degeneration of vasopressin-producing neurons 
in the neurohypophysis. This degeneration might occur be- 
cause the mutant precursor forms misfolded aggregates that 
accumulate in the ER and interfere with processing of other 
proteins essential for cell survival. Preliminary evidence for 
such a toxic effect- has been obtained from other in vitro 
expression studies (32, 48). However, it is also possible that 
degeneration of neurosecretory neurons is an inconstant, 
late, or incidental event and that AVP production by the 
normal allele is impaired primarily because normal and mu- 
tant precursors interact to form heterodimers that also cannot 
be folded or processed properly and are, therefore, rapidly 
degraded. Moreover, neither mechanism for the dominant 
negative effect ;is completely sufficient to explain why the 
capacity to prodtice : AVP. appears to be normal for the first 
few years'of life ^6£^urther investigation of these patients as 
well" as of -iTC^iro^ceil-s^te^ in which both normal and 
mutani : ^ may help to clarify 

these issues. 
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Table 1 Strain, plasmid and phage 
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plasmid and phage 


mm 

Genotype 


or Phenotype 
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Source 


fgt$ Strains 
E. coli JMI09 

E. coli RE1032 

B. iubtilis ASi.1176 


recAl Alacpro endAl gyrA96 
thi-l hsdRl7 «upE44 relAl 
F'traD36 proAB+ lacI«Z 
AM15 
dut ung F' 

str trp amy 


Lab. stock 

Dept. of Biology 
Beijing University 

Institute of 
Microbiology 
Academic Sinic* 
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pAmy413 
pAmy4!33 
pAray4l3L 


Km r Amy+ 
Km r Amy+ 
Km' Amy* 


This study 
This Lab. 
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M u mpl8 
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£'£f5igi*32;@j te «flJo 
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'^JHII«K%*©,ffl Bio-Rad '&^422M%.VctiM$Ltt&, #M Beckman Du-7lt 
"MHfeftgit*£ DNA J&go 

.1.4 

25S£ft5|!ft 5'-AATGGGACGCGGATCCAGTATTTTG-3', Sambrook 

i-5 jftf#*t#i§*$ft 

£. co/i iftf#$f #gc Sambrook j£" 3 ' 0 B. subtilis E£flt#*S4fc» Chang £W 0 ffi 
DM3^g^i£t5Lte$$ttT-, Km lrag/ml 0 

1.6 ffi*&KPBtte«jfeH3fa®ttJ85t 
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P Amy413 . . .Ala ' Ala Asn Utt Am Gly Thr Le» Met Gin Tyr Phe Out... 

5', . .GCG GCA AAT CTT AATGGG'ACG CTG ATG CAG TAT TTT GAA. . . 3' 

y . . . AATGGGACG.CGGATC CAG TAT TTT GAA. . . 3' 

primer 



-ll+l . ' - - r V +7 1 +3 
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Fig. 1 Construction of plasmid pAmy413B 

\ Shows the recognition and cleavage site of signal peptidase I 
2.2 P Amy413L a-^^H^if ^^J&-i^##T 
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tffSH'h&t) Time (hour) 

S 4 B. f«6n*/ix(pAmy413) flfc^?U&§$7£iM-£S^ 
Fig. 4 Growth and enzyme activity curves of 
B. subtilis (pAmy413) 
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Effect of the Changes of Amino Acids on Both 
Signal Peptide C-Terminal and Mature 
Protein N -Terminal Region to the 
Secretion of a -Amylase in 
B. subtilis® 

Ji Yonggang Yang Lizhu Chen Qimin 
Ma Ming Geng Yunqi Jiang Ruzhang 

(Lab. for Biotechnology, NanJ(ai Uniu., Tionjin 300071) 

Abstract 

By site-directed mutagenesis, G and C have taken the place of T and G at nu- 
cleotide sequence 287 and 291 of B. lichenijormis a-araylase gene to generate pAm- 
y413B and the N-terminal sequence of mature protein have been changed from 7 Leu 
■Met to 7 Arg 8 Ile. By the insertion of polylinker into the C-terminal of the signal 
sequence of oc-amylase gene of pAmy413, the signal peptide of a-amyla se produced 
by pAmy413L is 13 amino acids more than the pAmy413 (which is 29 amino acids 
long) and also, a new recognition cleavage sequence for signal peptidase 1 (Ala-Gln- 
Ala'Ser) is created; The secondary structure of the signal peptide has been analyzed 
by computer programs. The ce~amylase relative activity of the two mutant strains is 
3% and 36% of pAmy413, respectively. The molecular weight of extracellular a- 
amylase is the same as pAmy413. Terminal analysis shows that the N-terminal amino 
acid of mature protein is Ala, not Ser, and suggests that SPase I prefers to cleavage 
at the wild type recognition site (Ala-Ala-Ala* Ala). Therefore, all of the above 
results show that the secretion of oc-amylase in B. subtilis is in accordance with the 
co^translational transportation model. 

Key words a-amylase, Signal peptide, Site-directed mutagenesis, Protein secretion, 
Co-translational transfer 
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A wide range (69) of mutant Escherichia coli alkaline phosphatases with 
single amino acid substitutions at positions from -5 to +1 of the signal 
peptide were obtained for studying protein processing as a function of 
the primary structure of the cleavage region. Amber suppressor mutagen- 
esis, used to create mutant proteins, included: (i) introduction of amber 
mutations into respective positions of the phoA gene; and (ii) expression 
of each mutant phoA allele in £. coli strains producing amber suppressor 
tRNAs specific to Ala, Cy S/ Gin, Glu, Gly, His, Leu, Lys, Phe, Pro, Ser 
and Tyr. Most ammo acid substitutions at positions -3 and -1 resulted 
in a complete block of protein processing. These data give new exper- 
imental support for the " - 3, -1 rule". Only Ala, Gly and Ser at position 
-1 allowed protein processing, and Ala provided the highest rate of pro- 
cessing. The results revealed the more conservative nature of the amino 
acids at the -1 position of signal peptides of Gram-negative bacteria as 
compared with those of eukaryotic organisms. Position -3 was less regu- 
lar, since not only Ala, Ser and Gly, but also Leu and Cys at this pos- 
ition, allowed the processing. Mutations at position -4 had an 
insignificant effect on the processing. Surprisingly, efficient processing 
was provided mainly by large amino acid residues at position -2 and by 
middle-sized residues at position -5, indicating that the processing rate 
- is affected by the size of amino acid residues not only at positions -1 
and -3. Conformation analysis of the cleavage site taken together with 
the mutation and statistical data suggests an extended P-conformation of 
the -5 to -1 region in the signal peptidase binding pocket. 

© 1998 Academic Press Limited 
Keywords: signal peptide; signal peptidase; protein secretion; protein 
processing; alkaline phosphatase 



Introduction 

Most bacterial secretory proteins are synthesized 
in the cytoplasm as protein precursors containing 
an additional N-terminal sequence called the signal 
peptide, which plays a crucial role in protein rec- 
ognition of the cell secretory machinery and in 
initiation of protein membrane translocation (for 
review see Pugsley, 1993; Izard & Kendall, 1994). 
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After translocation, the signal peptide is cleaved by 
a membrane-bound signal peptidase, and the pre- 
cursors are converted into mature proteins. It is 
known that the sites of signal peptide cleavage by 
leader peptidase are rather regular and described 
by the -3, -1 rule (von Heijne, 1983) or A-X-B 
model (Perlman & Halvorson, 1983) originally 
revealed by statistical evaluation of the known pri- 
mary structures of signal peptides. In agreement 
with this rule, only small neutral residues are pre- 
sent at positions -3 and -1. Such structural regu- 
larity in the -3, -1 region is considered to be 
necessary for recognition of the signal peptide clea- 
vage site by leader peptidase but inessential for 
protein translocation across the cytoplasmic mem- 
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brane (Fikes et al, 1990; Pollitt et al, 1986; Shen 
et al, 1991). In support of this rule it was shown 
that amino acid substitutions at the above positions 
of precursors of lipoprotein (Pollitt et al, 1986) 

?o«| e c^ 13 pr ,° COat P f0tein < Kuhn & Wickner! 
1985; Shen et al, 1991), and maltose-binding pro- 
tein (Fikes & Bassford, 1987; Fikes et al, 1990) 
resulted in prevention of the processing. We have 
also shown that the substitution of Val for Ala(-l) 
in the signal peptide of alkaline phosphatase com- 
pletely inhibits the processing of this mutant pro- 
1994) 6t d " 1994b; Nesmevanova etai. r 

At the same time, the effect of some amino acid 
substitutions at position -3 on the processing may 
vary from protein to protein. Indeed, mutant mal- 
tose-binding proteins with Leu, Thr or Val at pos- 
l^m " 3 ™ ere Pressed efficiently (Fikes et al, 
1990), while the processing of the mutant phage 
M13 procoat protein with the same substitutions 
was significantly slower (particularly in the pro- 
teins with Leu(-3) or Thr(-3) (Shen et al, 1991) 
Besides, Pro(-3) of the procoat M13 leads to a 
complete processing block but exerts no effect on 
the processing of the maltose-binding protein. Con- 
cerning the occurrence of amino acid residues at 
positions from -6 to -4, Pro and Gly particularly 
are often found in this boundary region between 
the hydrophobic core and c-region of the signal 
peptide (Perlman & Halvorson, 1983; von Heijne, 
1986a). However, the role of these residues is still 
obscure. The frequent occurrence of these residues 
in the p-turns of water-soluble globular proteins 
(Chpu & Fasman, 1978) resulted in a widely 
accepted opinion that these residues promote the 
formation of a P-turn in the signal peptides as well 
(Rosenblatt et al, 1980; Perlman & Halvorson, 
1983). Pr6(-6) of the M13 procoat protein was 
shown to be absolutely essential for the processing, 
and its replacement by many other amino acid resi- 
dues resulted in a complete impairment of the sig- 
nal peptide cleavage (Shen et al, 1991). 
Mutagenesis studies of the maltose-binding protein 
showed that a decrease of the processing efficiency 
in mutant proteins correlated with a low prob- 
ability of P-turn formation (Barkocy-Gallagher et al, 
1994). At the same time, a study of the processing 
of alkaline phosphatases with a mutated signal 
peptide lacking proline and containing only helix- 
fostering residues (Leu or Ala) showed an efficient 
processing of mutant proteins (Laforet & Kendall, 
1991). The authors of the latter work suggest that 
the hydrophobicity of amino acid residues is more 
important for processing than the possibility of f3- 
turn formation. However, Shen et al (1991) failed 
to find a correlation between the processing and 
hydrophobicity: neither Ala, Gly nor Trp, having 
hydrophobicity similar to Pro, could be functional 
substitutes for it at position -6 of the M13 procoat 
protein (Shen et al, 1991). Moreover, the substi- 
tution of Gin, which is more polar than Pro at pos- 
ition -6, slowed down the processing. Thus, the 
current experimental data are insufficient for com- 



plete understanding of the structural basis of sienal 
SE ^ e , K reco ^ ition b Y si §nal peptidase: the total 
size of this site is unknown; it is unclear whether 
me nature of the amino acid residues is important 
for the processing at both positions -3, -1 and a 
nearby positions. 

The goal of this work was to study systemati- 
cally the role of the primary structure KdTear 

E e irl P r Phde u dea r age Site * ** Pressing of 
E colt alkaline phosphatase. The objectives were* 
UMo obtain a number of mutant proteins with 
ammo acid substitutions at positions -5, -4 -3 
-2, -1 and +1 of the alkaline phosphatase sienal 
peptide; (2) to study the effect of the above substi- 
tutions on protein processing; (3) to try to refine 
the mteracuon of the signal peptide c-region with 
the binding pocket of signal peptidase, on the basis 
of new experimental data and using a stereochemi- 
cal method of analysis. 

Results 

Introduction of amino acid substitutions into 
the processing region of E coli alkaline 
phosphatase using amber suppressor tRNAs 

Mutant alkaline phosphatases were obtained by: 
(1) introduction of amber mutations into the alka- 
line phosphatase (phoA) gene and (ii) expression of 
these mutant phoA alleles in £. coli strains produ- 
cing amber suppressor tRNAs that are able to 
insert an amino acid of interest in response to 
amber mutation (Figure 1). In these experiments. 
13 different amber-suppressor tRNAs specific to * 
Ala, Arg, Cys, Gin, Glu, Gly, His, Leu, Lys, Phe, 
Pro, Ser and Tyr can be used, because, at least in 
E. coli , the other seven amber suppressor tRNAs 
(Asp, Asn, lie, Met, Thr, Trp, Val) do not retain' : 
their initial arnino acid specificity due to substi- 
tutions in anticodon sequences (Normanly et al, 

Six amber mutations were independently intro- 
duced by site-directed mutagenesis into certain 
positions of the phoA gene corresponding to the . 
codons of the amino acid residues Arg(-fl), 
Ala(-l), Lys(-2), Tyr(-3), Val(-4) and Pro(-5) 
in the signal peptide cleavage region of the pro- 
tein.. The mutant alleles of phoA were cloned in* 
the plasmid vector pl5SK(-) which bears a chlor- 
amphenicol resistance marker and the pl5A ori of 
replication, allowing its use in a two-plasmid sys- 
tem in combination with plasmids having the 
ColEl ori of replication, which carry cloned genes 
of amber-suppressor tRNAs. Both natural (with a 
chromosomal localization) and synthetic (cloned 
in the plasmid vector pGFIBl under the control 
of constitutive Ipp promoter) amber suppressor 
tRNA genes were used in this study. Expression 
of each of the above six mutant phoA alleles in 
12 E. coli amber suppressor strains resulted in 69 
different mutant PhoAs (the other three syn- 
thesized proteins were the same as wild-type 
PhoA). 1V 
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Non-suppressor 
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Amber-suppressor £. coli strains 
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Ala2, 
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su-tRNA 
(•sqpA sapP) 



Product: 
'aarStop! 
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'oTSTGIirTSZCP 



/ o?Io n Pro / o7S2P. 
Mutant proteins 



Qcarsgc Site 
Signal Peptide 1 MaUre 

-5 -* .3 -2 -li+l 



Met Lye Gin Ser Thr He Ala Leu Ala Leu Leu Pro Leu Leu Pbe Thr Pro VoTThr Lvs Ala /fro 
GTG AAA CAA AGC ACT ATT GCA CTG GCA CTC TTA CCG TTA CTG TTT ACC CCT GT6 AC A AAA GCC COT 



Figure 1. Schematic illustration of . 
the introduction of amino' add sub- 
stitutions into alkaline phosphatase 
by amber-suppressor tRNAs. (A) 
and location of amber cbdons in 
the phoA gene (B). Mutant alka- 
line phosphatases are presented 
as helices with designation of 
the introduced amino acid 
substitutions. 



Study of the processing of mutant 

alkaline phosphatases : t V " 

The effect of amino acid substitutions on protein 
maturation was assessed by the rate of conversion 
of pulse-labeled mutant protein precursors into the - 
mature form in vivo (Figure 2). Amino acid resi^ 
dues at positions -3 and -1 were revealed to be 
highly conserved (Figures 2 and 3). Most arnino 
acid substitutions at these positions resulted in a 
processing block. The mutant proteins with 
Phe(-l), Tyr(-l), Glu(-l), Lys(-l), Leu(-l), 
Gln(— 1) and His(— 1) remained as precursors even 
60 minutes after PS]memionine incorporation was 
stopped. Of those that were processed, the proteins " 
with Cys(-l) and Pro(-l) were processed with the 
lowest efficiency: only 29% and 11%, of the precur- 
sors respectively were converted into the mature 
form. The least effect on the processing was shown ■ 
with Gly (-1) and Ser(-l), although the proteins 
having these arnino acids were processed at a 
lower rate than the wild-type protein. Thus, 
among 12 amino acid substitutions analyzed 
Ala(-l) provided the highest rate of processing. 
Gly(-l) and Ser(-l) also allowed processing but 
at a lower rate. Position -3 is less conserved. Pro- 



cessing was allowed not only with Ala/ Ser,; and 
Gly but also with Leu and Cys at this position.. 

; Positions +1 and -2 were still less conserve"d 
Only the introduction of Pro(+l) completely inhib- 
ited the processing. Pro(-2) allowed processing 
but at the lowest rate. It would be interesting , to 
note that a certain amount of the protein /with 
Cys(-f 1) or Cys(-2) remained unprocessed, during 
the period of observation, although the processing 
of a considerable part of it proceeded • rather 
quickly. Efficient processing was provided mainly 
by large amino acid residues (Phe, Tyr, Leu, His) 
at position -2. As to the -4 position, most amino 
acid substitutions at this position had no- effect on 
the rate of protein maturation. Only Lys(-4) was 
shown to affect the processing. Position -5, how- 
ever, appeared to be important for processing. 
Many amino acids at this position, such as Lys, 
Tyr, Leu, Ala, His, Phe and Gly, appreciably 
decreased the processing rate, although none of 
these amino acids completely blocked the proces- 
sing. The data show that the primary structure of 
the cleavage region ranging from the -5 to +1 resi- 
dues is important for the efficient processing of 
alkaline phosphatase. 
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Figure 2. The dynamics of processing of mutant alkaline phosphatases with amino acid substitutions in and near the 
signal peptide cleavage site. Cells were pulse-labeled with L-f^jmethionine for 60 seconds, and the radioactivity was 
chased for indicated periods of time. Pulse-labeled alkaline phosphatase and its precursor were immunoprecipitated 
using affinity-purified rabbit antibodies against alkaline phosphatase and resolved by 10% SDS-PAGE followed by 
autoradiography. 



Rati nal for the processing impairment of 
mutant alkaline phosphatases 

The processing impairment may be explained by 
two possible mechanisms: (1) a block of preprotein 



translocation across the membrane, which makes 
the precursor inaccessible for signal peptidase; and 
(2) direct inhibition of signal peptide cleavage due 
to a disturbance of the structure of the protein that 
acts as a substrate for signal peptidase. Here, the 
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+1 



cm co cj in in 10 in 



^■H CO 

1- ? T- 
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60-1 
40 j 
20 J 



AU Ser Gty Phe Tyr Ghi Lys Leu Gin His Cys Pro 




-5 



Ala Ser Gly Phe Tyr Ghi Lya Lea Gin Hts Cys Pro 



Figure 3. Summary of the quantitative analysis of alka- 
line phosphatase processing as a function of amino acid 
substitutions in the signal peptide cleavage region. Rela- 
tive quantities of mature alkaline phosphatase from the 
total amount of the mature protein and its precursor are 
presented. Amino acid substitutions and their positions 
in the protein are indicated. Proteins with Ala(-l), 
Lys(-2) and Pro(-5) correspond to wild-type alkaline 
phosphatase and were obtained using the corresponding 
amber suppressor. The relative quantity of mature 
enzyme, with adjustments of additional methionine resi- 
due in the precursor, was calculated for 0.1 (open bars), 
1.0 (left hatched bars), 5.0 (right hatched bars) and 60.0 
(filled bars) minutes of processing time. Quantitation of 
proteins was performed using an LKB UltroScan laser 
densitometer. The total amount of the mature alkaline 
phosphatase and its precursor was set to 100% for each 
point of the processing time. 
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Figure 4. Multiple forms of wild-type and mutant alka- 
line phosphatases. Samples were analyzed by electro- 
phoresis (7.5% PAGE) under non-denaturing conditions, 
and the active enzyme was revealed by treatment of the 
gel with a-naphthyl phosphate as the alkaline phospha- 
tase substrate and Fast Red Dye TR. Isoforms of wild- 
type alkaline phosphatase (I, II, HI), multimer forms (m), 
and active precursor (p) are indicated. 



above mechanisms Were differentiated by the anal- 
ysis of multiple forms of active enzyme. It is 
known that alkaline phosphatase becomes active 
only after translocation across the cytoplasmic 
membrane into the periplasm, where there exist 
necessary conditions for the formation of intra- 
chain disulfide bonds and dimerization of subunits 
(Michaelis et al, 1983; Hoffman & Wright, 1985; 
•Manoil & Beckwith, 1985)^ The periplasmic enzyme 
is active regardless of whether it is transformed 
into the mature form 1 or remains as translocated 
precursor with uhcleaved signal peptide due to 
mutation. The precursor that is* not translocated 
and therefore stays in the cytoplasm has no such 
activity (Boyd et al, 1987). Enzymatic activities of 
the mature protein and /the translocated precursor 
can be individually estimated directly in the gel 
after non-denaturing, electrophoresis and gel stain- 
ing, since mature protein isoforms and the translo- 
cated precursor .have 1 different electrophoretic 
mobilities. Mature ' phosphatase is known to be 
found under these conditions ; as isoforms I, II and 
IE (Nesmeyanova et fl/.,1981), resulting from pro- 
teolytic modification (Nakata et al, 1987), and mul- 
timer forms (m; Figure 4), whereas the translocated 
precursor with uncleaved signal peptide is found 
at the top of the gel (p; Figure 4), in forms 
probably resulting from protein aggregation due 
to the presence of hydrophobic signal peptide 
(Karamyshev et al, 1994b; Nesmeyanova et al, 
1994). It should be noted that non-translocated 
alkaline phosphatase precursor under the above 
conditions is not revealed due to the lack of enzy- 
matic activity. The above properties of alkaline 
phosphatase allowed us in the present study to use 
the analysis of multiple molecular enzyme forms 
for elucidation of cell localization of mutated phos- 
phatase precursors. Unprocessed mutant protein 
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with the substitution of Val for Ala(— 1) was used 
as control (Figure 4); its enzymatic activity, translo- 
cation across the cytoplasmic membrane and peri- 
plasmic localization were shown previously using 
subcellular fractionation (Karamyshev et aL, 1994b; 
Nesmeyanova et aL, 1994). A completely non-trans- 
located precursor due to impairment of the hydro- 
phobic core (Michaelis et aL, 1986), e.g. protein 
with the substitution of Glu for Ala(-13), was 
used as another control. No active enzyme forms 
were found in this case (Figure 4). Analysis of 
mutant proteins obtained in this study showed 
that all proteins displaying a complete block of 
processing in pulse-chase experiments; for example 
those containing Pro(-fl), Phe(— 1), and Leu(— 1) 
(Figures 2 and 3), were found by non-denaturing 
electrophoresis (Figure 4) at the top of the gel, in 
forms that are characteristic of the translocated pre- 
cursors possessing enzyme activity. The electro- 
phoretic pattern of these proteins is the same as 
that observed for the control unprocessed protein 
with Val(— 1) (Figure 4). Mutant alkaline phospha- 
tases with a slowing down of the processing rate, 
whose precursors were found even 60 minutes 
after pulse labeling (see Figures 2 and 3), contain 
both isoforms of the. mature protein and forms of 
the translocated . precursor (Cys(+1), Pro(-l), 
Cys(-l), Ala(-2),; Pro(-2), Cys(-2), Phe(-5), 
Lys(— 5), Tyr(— 5), Figure 4). This also indicates that 
the unprocessed precursor is translocated across 
the cytoplasmic membrane. However, in some 
cases, e.g. in protein with Lys(-5), the relative con- 
tent of active precursor is lower than could be 
expected, po^the. basis, of the results of pulse label- 
ing (Figure 3). it is ; quite probable that not only 
processingrbut^also- translocation of this protein is 
disturbed ..c. Interestingly, protein with Phe(— 5) 
showed a>much' greater amount of active precursor 
than could ^efexpected from the results of pulse 



labeling. Probably, such unprocessed precursor can 
be accumulated in the cells during cultivation. In 
the case of mutant proteins whose precursors are 
slowly but completely turned into the mature form 
(Figure 3), only mature phosphatase isoforms were 
found, as expected. As an example, Figure 4 shows 
multiple molecular enzyme forms of the mutant 
protein with Ala(-5). 

On the basis of data obtained, the impairment of 
processing of most mutant proteins could be con- 
ditioned by the effect of amino acid substitutions 
on signal peptide cleavage by leader, peptidase due 
to changes in the structure of protein as a substrate 
for this enzyme. 



Discussion 

E. coli alkaline phosphatase is a typical secreted 
protein with a canonical signal peptide (Inouye 
et aL, 1982). Amber-suppressor mutagenesis used 
in this study allowed us to obtain a wide range of 
mutant alkaline phosphatases with amino acid 
substitutions in the signal peptide cleavage site 
and to screen their effect on the processing. In 
order to understand the impact of these mutations, 
we also analyzed the distribution of residues in the 
cleavage region of 151 proteins from Gram-nega- 
tive bacteria _(Table 1). The results obtained give 
new experimental confirmation of the -3, -1 rule 
revealed earlier by statistical evaluation of the 
known primary structures of signal peptides (von 
Heijne, 1983a,b, 1986a; Perlman & Halvorson, 
1983). It is quite obvious that the interaction of sig- 
nal peptidase and the cleavage site of the alkaline 
phosphatase signal peptide proceeds most effi- 
ciently in the presence of Ala at position -1. It is 
this amino acid that is found at the signal peptide 
C terminus in most secreted proteins of Gram- 



Table 1. Amino Acid count for 151 known cleavage sites of proteins from Gram-negative bacteria 


Amino 






Count of amino acid residues 


in position 






acid 




-5 


-4 


-3 


-2 


-1 


+1 


Ala 


... ::^46- 


25 


27 


99 


12 


139 


64 


Arg 


- •". ■; - " o 


1 


1 


1 


0 


0 


2 


Asn 




5 


7 


0 


9 


0 


4 


Asp 


...o.- : 


0 


0 


1 


1 


0 


14 


Cys 


■ 5 ■ ■ 


1 


0 


1 


0 


0 


3 


Gin 


1 


9 


6 


2 


15 


0 


11 


Glu 


0 


1 


1 


0 


0 


0 


18 


Gly 


• 5 


17 


15 


0 


0 


8 


7 


His 


0 


4 


2 


0 


17 


0 , 


1 


lie 


3 


2 


1 


2 


2 


0 


0 


Leu 


5 


13 


7 


5 


24 


0 


3 


Lys 


0 


0 


1 


0 


1 


0 


8 


Met 


5 


2 


3 


1 


11 


0 


0 


Phe 


5 


8 


5 


1 


21 


0 


0 


Pro 


7 


10 


20 


1 


0 


0 


0 


Ser 


50 


24 


35 


14 


9 


4 


5 


Thr 


13 


23 


11 


5 


8 


0 


6 


Trp 


0 


1 


0 


0 


5 


0 


0 


Tyr 


0 


1 


2 


1 


11 


0 


2 


Val 


2 


4 


7 


17 ' 


5 


0 


3 



* The collection of proteins was extracted as described in Materials and Methods. 
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negative bacteria (Table 1), which is in agreement 
with a complete block of the processing resulting 
from most substitutions of this amino acid. The 
data obtained also give the first evidence of a high- 
er conservation of amino acid residues at position 
-1 of signal peptides of Gram-negative bacteria as 
compared with that of eukaryotic signal peptides 
(Folz et al, 1988). Gin arid Cys found at this pos- 
ition of eukaryotic signal peptides (Nielsen et al, 
1997) appreciably (or completely) inhibited proces- 
sing when in the same position in alkaline phos- 
phatase. The specificity of signal peptidase of 
Gram-negative bacteria at position -1 seems to be 
as narrow as that of the thylakoid processing pep- 
tidase (Dalbey & von Heijne, 1992). The exper- 
imentally revealed lower regularity of position -3 
is in accord with the fact that Val, Ser and other 
amino acid residues are found at this position as 
well as the most frequent, Ala. Moreover, the resi- 
dues banned by the -3, -1 rule, such as Phe, Tyr, 
Arg, Asp and Pro, are occasionally found at this 
position in Gram-negative bacteria. 

Position +1/ which is also a constituent of the 
cleavage site, is not so conserved. It is known that 
all 20 amino acids are found at this position in the 
precursors of eukaryotic secreted proteins (Watson, 
1984); however, Trp, Be, Phe, Met and Pro were 
not found at position +1 of secreted proteins of 
Gram-negative bacteria and Cys was found at this 
position only in lipoproteins (Watson, 1984; von 
Heijne, 1986a). Our results show that only the 
introduction of Pro instead of Arg(-hl) prevents 
signal peptide cleavage, which agrees with the 
data on the processing of the M13 procoat protein 
(Shen et al, 1991) and the maltose-binding protein 
(Barkocy-Galiagher & Bassford, 1992). The latter 
work showed that the mechanism of inhibition of 
the processing of the maltose-binding protein with 
Pro(+l) differs from that initiated by amino acid 
substitutions at positions -3 and -1 of the signal 
peptide. If in the latter case the mutations disturb 
recognition of the cleavage site by signal peptidase, 
the presence of Pro(H-l) transforms such a protein 
into an uncleavable substrate for leader peptidase 
but does not disturb the recognition of the mutant 
protein by signal peptidase. The above mutant pro- 
tein acts as a competitive inhibitor of leader pepti- 
dase, which results in the accumulation of a 
number of secreted preproteins in the cells. It is 
quite probable that the mechanism of inhibition of 
the processing of the mutant alkaline phosphatase 
with Pro(+l) is similar to the one described above. 

We also revealed that the introduction of Cys 
into position +1 results in impairment of the pro- 
cessing of a certain pool of precursor molecules: 
while most molecules of the precursor are rapidly 
processed already after six seconds, the rest of 
them remain unprocessed even after one hour. 
A similar effect was observed in proteins with 
Cys(-2) and Cys(-l). These data point to the fact 
that a certain number of precursor molecules of the 
above mutant proteins are impervious to attack by 
signal peptidase. It is quite probable that some pro- 



tein modification, e.g. the formation of disulfide 
bonds with nearby protein molecules or modifi- 
cation of the residue Cys as in lipoproteins, may 
result in incomplete processing. Such a modifi- 
cation probably does not affect Cys residues at 
position -3, -4 or -5, and the appropriate mutant 
proteins are efficiently processed. This allows us to 
suggest that amino acid residues in the signal pep- 
tide cleavage site up to -2 are exposed to the peri- 
plasm, while the other part of the signal peptide is 
screened by the membrane. 

Furthermore, the present study shows that rec- 
ognition by signal peptidase depends on the nature 
of the amino acid residues not only at positions -3 
and -1, but also to a lesser extent at positions -2 
and -5, with their size being of key importance. 
Thus, a decrease in processing was found only in 
the presence of small amino acid residues (Gly, Ala 
and Cys) at position -2. This is in line with the 
previous statistical evaluation by von Heijne 
(1986a) and our analysis (Table 1). At the same 
time it is worth mentioning that although Ala 
occurs fairly frequently at position -2, its presence ; 
at this position in alkaline phosphatase partially \ 
decreases the processing rate. The explanation' of " 
the decline in processing rate may be in the poten- T 
rial mis-recognition of Gly and Ala at position -2\ 
by the peptidase pockets predestined for the -,1'V 
and -3 residues. The effect of Cys may have* 
another reason, which is described above. 

Among 12 residues, substituting for Pro at pos- 
ition -5, Lys, Tyr, Leu, Ala and Phe decreased the 
efficiency of the processing. The effect of Gly and' - 
His was less significant, and Gin, GIu, Cys and Ser ! ; 
had no effect. Interestingly, our statistical analysis : 
shows that despite the observed inhibiting effect 'ctfv 
Phe, Leu, Tyr, Ala and Gly at position -5 of the ^ 
alkaline phosphatase precursor (Figure 3)/ theseY^ 
residues are found at this position in other known— 
signal sequences. A more detailed analysis of the. : 
known cleavage sites revealed that the presence of 
the bulky residues Phe, Leu and Tyr might be corvj 
nected with the context of the cleavage site. For - 
example, we found that the bulky residues (Trp," 
Tyr, Phe, Met and Leu) at position -5 occur more ■ v 
frequently when the cleavage site has Gly(-l) or " 
Val(-3) (11% of cleavage sites have Val at the -3 
position, but with a bulky residue at position -5,* 
Val is found in 28% of sequences; in the case of 
Gly(-l) these values are 5% and 12%, respect- 
ively). Probably, a specific context of amino acid 
residues in the signal peptide cleavage region is 
needed for efficient processing, which may explain 
a discrepancy between the observed inhibition of 
the PhoA processing and the occurrence of amino 
acid residues in the known sequences of this 
region. Additional experimental investigations 
should be designed to examine this suggestion. 

Interestingly, our statistical analysis also shows 
that the bulky residues Trp, Phe, Tyr, Met, Leu 
and lie are almost absent at position -5 of the 
c-regions of Gram-positive bacteria. This suggests 
that the observed effect of bulky residues at pos- 
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ition -5 may also be found in Gram-positive bac- 
teria. 

It is known that the net charge distribution at 
the N and C termini of the signal peptide and a 
few amino acid residues of the mature protein's N 
terminus is important for secretion (von Heijne, 
1986b). Since the introduction of Lys(-5) may 
change the above charge distribution, we cannot 
exclude an effect of this mutation on protein trans- 
location across the membrane and therefore on the 
processing rate. However, the effects of Phe, Leu, 
Tyr, Ala and Gly do not fit in with this expla- 
nation. These residues are hydrophobic, hence the 
reason for their effect on processing may lie in a 
non-specific increase in the cleavage region's 
hydrophobicity. Laforet ' & Kendall (1991) 
suggested that the level of hydrophobicity of 
amino acid residues in the cleavage region of the 
signal peptide might be important for processing. 
However, Shen et al (1991) and Barkocy-Gallagher 
et al (1994) showed that the hydrophobicity of the 
cleavage site did not affect the processing. Our 
analysis of the known signal sequences also shows 
that although the cleavage regions are usually less 
hydrophobic than the central h-regions, the .varia- 
bility of their hydrophobicity is higk.-.Sojfne signal 
peptides, e.g. D-galactose-binding periplasmic pro- 
• tein (Mahoney et al, 1981) and oc-amylase 
(Schneider et al, 1992) have a more.hydrophobic 
c-region than the corresponding region, of the 
mutant alkaline phosphatase signal peptide. Thus, 
a non-specific increase of the cleavage site hydro- 
phobicity is probably not the reason for the inhibit- * 
ing effect of the above amino acid substiruripns. , 
Amino acid residues at position -5 nay ing an' 
inhibiting effect on alkaline phosphatase-proces- 
sing were revealed to contain either bulky or small 
side-chains. This may be important for the .comp-; 
lementary binding of residues at position *-5 ;with ■ 
signal peptidase. Thus, all this suggests that the 
effect of Phe, Leu, Tyr (bulky) and Ala, Gly (small) 
residues at position -5 may be due to. their size . 
rather than their hydrophobicity. 

Assuming that the cleavage site of secreted pro- 
teins must have one unique conformation compel 
tent for interaction with the active center ~of- leader 
peptidase, we performed a stereochemical analysis 
of the region ranging from the —5 to +1 residues 
in order to establish this conformation. The absence 
of glycine preference at any position, within the -5 
to +1 region indicates that the residues of this 
fragment most probably have a and (or) P-confor- 
mations rather than glycine-specific a L or p* con- 
formations (symbols a, a u P, and P* denote, 
respectively, residue backbone conformations close 
to the right and left oc-helical conformations as well 
as p-conformation and its mirror-symmetrical 
form). The known -3, -1 rule (von Heijne, 1983) 
predicts the interfacial (i.e. directed towards the 
active center of signal peptidase) orientations of 
side-chains of the residues at positions -3 and -1. 
At the same time, most amino acid substitutions at 
positions -2 and -hi have almost no effect on the 



processing, which could be explained by an 
exterior orientation of these residues in the signal 
peptide-peptidase complex. This suggests an 
extended P-conformation of the region that ranees 

(S^*^" 3 40 r 1 residues (Dalbe y & von Hei Ae, 

1992). The conformation of the preceding region 
ranging from residues -6 to -4, was most fre- 
quently considered to be a p-turn (Barkocy- 
Gallagher et al, 1994). Previously it was suggested 
that the presence of Pro, which is capable of break- 
ing the cc-helix conformation at a certain distance 
from the processing site, is required to form the 
P-turn to provide a curve in the polypeptide chain 
at the region between the signal peptide hydro- 
phobic domain and the mature polypeptide N ter- 
minus (Perlman & Halvorson, 1983). However we 
show here that when Pro residues are simul- 
taneously present at both the -5 and -4 positions, 
alkalme phosphatase is processed properly. Only 
the p-conformation is sterically allowed for the first 
Pro of this Pro-Pro tandem (Williamson, 1992). 
Therefore, this suggests a P-conformation for the 
residue at position -5 and, as a consequence, casts 
doubt on the P-turn at the -6 to -4 region: ' 

Two conformations, Potppp and PPppp, of the ^5 
to -1 region fulfil the condition that the' -3, '-2/ 
-1 and -5 residues must have a ^-conformation 
(Figure 5). An extended region of the : -3, -2 and 
-1 residues is superimposed in Figure 5 in order 
to demonstrate the difference between the -5, -4 
side-chain orientations in these two conformations. 
Our mutation analysis showed that mutations at 
position -4 have no effect on the processing. This 
suggests an exterior orientation of the -4 side- 
chain in the signal peptide-peptidase complex. 
Most residues at the -5 position that -"inhibit' the 
processing have either bulky (Phe, Tyr, Leu) or 




-2 



Figure 5. Ball-and-stick representations of two possible 
conformations of the processing region ranging from the 
-5 to +1 residues of a signal peptide. Shadow contours 
over the peptide fragments schematically designate the 
potential active site of the signal peptidase. C a atoms of 
the polypeptide backbone are shown as small balls, C„ 
atoms of the side-chain groups are shown as large balls. 
The regions of the -3, -2, -1 residues having identical 
conformation are superimposed. The sticks showing 
peptides with PPPPP conformation and with PctPPP con- 
formation are black and gray, respectively. 
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small (Ala, Gly) side-chains. This may imply that 
the side-chain at position -5 is directed towards 
the binding center of the "receptor" molecule. If 
peptidase has a cavity for medium-sized residues 
of the signal peptide at position -5, it should 
cause energetically unfavorable steric tensions in 
the substrate-enzyme complex in the case of Phe, 
Tyr and Leu, or a lack of close packing in the case 
of Ala and Gly. The p-turn model (Barkocy- 
Gallagher et. al, 1994) with the conformation 
ccappp predicts the -4 residue to be closer to the 
interface with peptidase than the -5 residue. Thus, 
in contrast to the "extended" conformation, the 0- 
turn model cannot provide any simple explanation 
of^the effects of our mutations at positions -4 and 

As the statistical analysis shows, the occurrence 
of bulky residues at position -5 is often 
accompanied by the presence of Gly at position -1 
or Val at position -3. In our structural models this 
relationship may be explained by the assumption 
that the small Gly(-l) (or bulky Val(-3)) allows 
the bulky -5 residue to come out from the receptor 
cleft and to relieve the tension that is usually pre- 
sent (Figure 5). We do not have enough evidence 
to choose unconditionally one of the two confor- 
mations shown in Figure 5. However, the location 
of residues at position -5 in the PocPPP confor- 
mation is further from the putative enzyme surface 
compared with those in the ppppp conformation. 
Thus, among several theoretically possible confor- 
mations this structure is more consistent with all 
the experimental and statistical data obtained in 
this study. 

The hydrophobic h-region of the signal peptide 
is probably buried in the non-polar membrane 
with the N^-C^ orientation and has an a-helical 
conformation (Pugsley, 1993; Kajava et al, 1991). 
The hydrophilicity of the c-region and evidence 
that the active site of the signal peptidase probably 
faces the periplasm (Dalbey, 1991) suggest a peri- 
plasms location for the cleavage fragment. To 
visualize possible spatial arrangements of the 
c-region relative to the h-region and membrane, 
we modeled several structures, which have a-heli- 
cal conformation from the N terminus to the -7th 
residue, followed by the c-region. A six-residue 
size was chosen for the c-region as the most fre- 
quently occurring in signal peptide sequences. 
Four possible arrangements were generated by a 
combination of the a and p conformations at pos- 
itions -6 and —4 (Figure 6), while residues -5, -3, 
-2, -1 were fixed in P conformations. All arrange- 
ments fit our data on Cys mutants showing that 
residues at positions -2, -1, +1 are probably more 
exposed to the periplasm compared with residues 
—3, —4 and —5. Trie frequent occurrence of the 
helix-breaking Pro at positions -6 and -5 favors 
PPPPPP and PPappp conformations (Figure 6a and 
b) as compared with aPappp and ocPPPPP confor- 
mations (Figure 6c and d). There are no data about 
the effect of h-region sequence on the processing 
that predict a distant arrangement of the signal 




Figure 6. Schematic pictures of several possible arrange- 
ments of the a-helical h-region (ribbon representation), 
c-region (ball-and-stick) and the non-polar environment 
of the membrane (in gray). -3, -2, -1 region is out- 
lined by black sticks and gray balls. Location of the lea- 
der peptidase active site can be imagined according to 
the assumption that -3 and -1 side-chains are directed 
? t «o tl )f„i ,inding ***** of Peptidase, a, BBBBBB; 
b, PPaPPP; c, aPappp; and d, *mk, conformation of 
the c-region. 



peptide cc-helix from the c-region-binding site. If 
we compare pp a ppp and pppppp conformations, 
the latter arrangement, being more distant, appears 
to be more probable. Thus this consideration also 
suggests an extended P-conformation - for the 
c-region. 



Materials and methods 

Escherichia coll strains and plasmids 

£• coli strains used in this study axe listed in Table 2. 
Su strain E15 as well as strains MK376, MK377, MK378 
and MK379 carrying supD, supE, supF and supP allels, 
respectively, were used for amber suppressor mutagen- 
esis (see Results). Strain 285 was used as a host for vec- 
tor and recombinant plasmids except for the plasmids 
with cloned amber suppressor tRNA genes (see below), 
where the XAC-1 strain was used. Vector plasmid 
pl5SK(-) contains multiple cloning sites identical to 
pBluescript SK (Stratagene, USA), has the p!5A on of 
replication and the marker of resistance to chlorampheni- 
col (Fischer & Hengstenberg, unpublished). Plasmid 
pPHOl was the source of the £. coli alkaline phosphatase 
gene (Zozulya et al, 1990). Plasmids pPHOA-wt, 
pPHOA-am(-5), pPHOA-am(-4), pPHOA-am(-3), 
pPHOA-am(-2), pPHOA-am(-l) and pPHOA-am(+l) 
were constructed here on the basis of vector pl5SK(-). 
They carry the wild-type and mutant alkaline phospha- 
tase genes cloned into the Hindm/BamHl sites and hav- 
ing amber mutations at positions corresponding to the 
-5, -4, -3 , - 2, -1, +1 amino acid residues of this pro- 
tein. Vector plasmid pGFIBl with ColEI ori of replication 
and the marker of resistance to ampicillin and plasmids 
with the E. coli amber suppressor tRNA genes (Ala2, 
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Table 2. List of the Escherichia coli strains used 



Strain 



285 

E15 

XAC-1 

MX376 

MK377 

MK378 

MK379 



Genotype 



thi Mlac-proAB) A(sr/-raA) hsdR TnIO F[rraD36 proAB IwPZAMlSl 
Hfr ^phoASJadL70l to„A22 garBlQ ompF627 relM pit-XQ spoTl T2 
am A(/flc-pro) nalA rifargE am rpoB thi F[lacl373 lacZ UUSo I 
ara A( ac-pro) supD gyrA metB argE, m rpoB thi bphoAS TnIO 
am &(lac-pro) gyrA argE, m rpoB thi AphoAS TnIO ((d + d n V44 j?/nV89 
flra A( lac-pro) supF $yrA m<rf B a^E am rpoB thi &phoA8 TnIO 
gro ^{lac -pro) gyrA argE^ rpoB thi sup? &pkoA$ TnIO 



Reference 



Zaitsev et al (1986) 
Bachmann (1987) 
Normanly et al (1986) 
Karamyshev et al (1994a) 
Karamyshev ef al (1994a) 
Karamyshev c( a/. (1994a) 
Karamyshev et al (1994a) 



GluA, Phe, Clyl, HisA, ProH, Cys) cloned in the above 
vector (Kleina et al, 1990) were provided by Dr G 
MiUer. Plasmids with cloned genes of amber-suppressor 
tRNAs of the phage T5 specific to Lys and Gly were con- 
structed by Ksenzenko et al (unpublished). 

DNA techniques 

Recloning of the E, coli alkaline phosphatase gene, 
analysis of recombinants obtained, isolation of a single^ 
stranded phage DNA, plasmid DNA, phosphorylation of 
oligonucleotides and DNA sequencing were performed 
according to the protocols of Sambrook et al (1989). Oli- 
gonucleotide-directed mutagenesis was carried out as 
described (Karamyshev et al, 1994a). The mutagenic pri- 
mers used in the work were as follows* 5'-CG- 
TTACTGTITACCTAGGTGACAAAAGCC-3'; 5'-CTGT- 
TTACCCCTTAGACAAAAGCCC-3'; S'-TTACCCCTG- 
TGTAGAAAGCCCGCAC-3'; 5'-CCCCTGTGACATAG- 
GCCCCGACACC-3'; 5'-CCCTGTGACAAAATAGCG- 
GACACCAC-3'; S'-GTGACAAAAGCCTAGACACCA- 
GAAATGC-3'. They were used for the introduction of 
amber stop codons into positions corresponding to the 
-5, -4, -3, -2, -1 and +1 amino acid residues of the 
E. coli alkaline phosphatase, respectively. Mutations 
were confirmed by DNA sequencing. 

Alkaline phosphatase maturation 

Pulse-chase experiments to analyze alkaline phospha- 
tase maturation were performed according to the meth- 
od of Michaelis et al (1986) with some modifications. 
E. coli cells grown to the mid-log phase in mineral med- 
ium (Torriani, 1966) with 1 mM K 2 HP0 4 were harvested, 
washed, and incubated for 30 minutes in the same med- 
ium without orthophosphate for alkaline phosphatase 
induction. The cells were labeled with L-[^]methionine 
(50 nCi/ml) for 60 seconds and chased for 0.1, 1.0, 5.0 or 
60.0 minutes by addition of unlabeled methionine to a 
final concentration of 0.5%. Alkaline phosphatase and its 
precursor were immunoprecipitated using affinity-puri- 
fied rabbit antibodies against alkaline phosphatase and 
separated by 10% SDS-PAGE according to the method of 
Laemmli (1970), followed by autoradiography. Quanti- 
tation of proteins was performed using LKB UltroScan 
laser densitometer and the relative quantity of mature 
alkaline phosphatase from the total amount of the 
mature protein and its precursor was calculated with 
adjustments of additional methionine residues in the pre- 
cursor. 



Alkaline ph sphatase Isof rms 

A separate colony of E. coli was inoculated in 2 ml of 
mineral medium (Torriani, 1966) supplemented with 



aimM K 2 HP0 4 and the corresponding antibiotics 
(ampialkn, 100 ug/ml; chloramphenicol, 25 ug/ml) 
CeUs were cultured at 37°C under intensive aeration for 
lwin°T^^^ ted , b ^ Centrihl S^oa and incubated in 
lyzmg buffer (20 mM Tris-HCl (pH-7.5), 10 mM EDTA 
50 mM sucrose, 1 mg/ml lysozyme) for 15 minutes at 
u u bamples separated by centrifugation from the cell 
^PArf^^ non-denaturing electrophoresis 
in 7.5% PAGE (Davis, 1964). Staining of the Alkaline 
phosphatase isoforms by their enzymatic activities was 
performed by treatment of the gel with ct-naphthyl phos- 
phate (Sigma, N-7255) and Fast Red Dye TR (Chernapol, 
Czechoslovakia) (Lojda et al; 1979). 

Statistical and stereochemical analysis 

The collection of 151 exported proteins from Gram- 
negative bacteria withMmown cleavage sites was 
extracted from SwissProt 32.0 (Bairoch & Apweiler, 
1996) using the Sequence Retrieval System software 
(http://www.ebi.ac.uk/srs/srsc/). It does not include 
protein sequences with more than 80% identity. Anoma- 
lous signal sequences (whose lengths of the hydrophobic 
core did not fall to the range between 7 and 17 residues), 
lipoproteins and^proteins of.pili were also excluded. The 
collection of exported proteins from Gram-positive bac- 
teria was taken: from sequence database SIGNALP 
l^ /Vi ™ SCbS '^ (Nielsen et al, 

To construct the 'structural models, conformations of 
the six-residue fragment of the c-region were adjusted 
manually by varying torsion angles of the polypeptide 
chain using TURBO-FRODO (Roussel & Combilian, 
1989). The conformations were adjusted with regard to a 
priori requirements, for the orientation of side-hains. The 
images in Figures. 5 /and, 6 were generated bv MOL- 
SCRIPT (Kraulis, 1991)., . 
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A preproparathyroid hormone allele from a patient 
with familial isolated hypoparathyroidism was shown to 
have a single point mutation in the hydrophobic core of 
the signal sequence. This mutation, changing a cysteine 
to an arginine codon at the -8 position of the signal 
peptide, was associated with deleterious effects on the 
processing of preproparathyroid hormone to propara- 
thyroid hormone in vitro. To examine the biochemical 
consequence(s) of this mutation, proteins produced by 
cell-free translation of wild-type and mutant cRNAs 
were used in assays that reconstitute the early steps of 
the secretory pathway. We find that the mutation im- 
pairs interaction of the nascent protein with signal rec- 
ognition particle and the translocation machinery. 
Moreover, cleavage of the mutant signal sequence by 
solubilized signal peptidase is ineffective. The conse- 
quence of this mutation on processing and secretion of 
parathyroid hormone is confirmed in intact cells by 
pulse-chase experiments following transient expression 
of the mutant protein in COS-7 cells. The inability of the 
mutant signal sequence, however, to interfere with the 
targeting and processing of other secreted proteins does 
not support obstruction of the translocation apparatus 
as the mechanism underlying the dominant mode of in- 
heritance of hypoparathyroidism in this family. 



- Proteins destined for residence within membranes or for 
secretion contain hydrophobic ammo-terminal sequences re- 
ferred to as signal sequences (1). These sequences direct the 
nascent polypeptides bound to ribosomes to form a functional 
junction with rough endoplasmic reticulum (RER) 1 mem- 
branes, thereby assuring the translocation of the growing 
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polypeptide chain into the lumen of the endoplasmic reticulum 
and its subsequent cleavage by the luminal-localized signal 
peptidase enzyme (for review, see Ref. 2). 

The nascent secretory protein is localized to the endoplasmic 
reticulum via a targeting apparatus consisting of the signal 
recognition particle (SRP) and its membrane-bound receptor on 
RER. The SRP binds to the signal sequence as it emerges from 
the large ribosomal subunit This results in a transient delay or 
even arrest of translation (3) aimed in preventing premature 
folding of the precursor protein. When the SRP-ribosome com- 
plex encounters the SRP receptor or "docking protein " a series 
of reactions take place that result in the insertion of the nas- 
cent chain into the translocation site, release of SRP, resump- 
tion of translation, and initiation of translocation. GTP binding 
and its hydrolysis are required for these events to take place 
(4-6). As the nascent polypeptide transverses the transloca- 
tion channel (7, 8) and emerges into the lumen of the endoplas- 
mic reticulum, it is modified further by the signal peptidase 
enzyme complex that catalyzes the endoproteolytic cleavage of 
the signal sequence. 

Only a small number of natural mutations in human signal 
sequences have been reported to have direct correlation with 
defective secretion and associated pathological states (9-11). 
We have described such a mutation in the signal peptide of one 
allele of preproparathyroid hormone (prepro-PTH) gene from a 
kindred with a form of familial isolated hypoparathyroidism 
(9). This is an inherited metabolic disorder characterized by 
hypocalcemia and hyperphosphatemia resulting from lack of 
biologically active circulating PTH, the major calcium-regulat- 
ing peptide. In this family, the disorder was inherited as an 
autosomal dominant trait (12). The single point (T to C) muta- 
tion changed the codon at position -8 (signal peptide residues 
are numbered negatively starting from the site of cleavage 
toward the amino terminus) of the signal peptide of prepro- 
PTH from cysteine to arginine, thereby disrupting the hydro- 
phobic core of the signal sequence (Fig. 1). Associated with this 
change was a dramatic impairment in the processing of the in 
vitro translated mutant prepro-PTH protein to pro-PTH by 
microsomal membranes (9). 

Which step(s) of the early secretory process is affected by this 
mutation is not readily evident. Conceivably it could preferen- 
tially affect one or all of the steps involved, such as binding to 
SRPs, targeting to the RER, translocation through the mem- 
brane, and proteolytic processing by signal peptidase. In this 
report, we have systematically examined each of these steps 
using mutant and wild-type forms of in vitro translated prepro- 
PTH proteins by assaying their interaction with components of 
these various processes. Moreover, the consequence of this 
mutation on processing and secretion of PTH was examined in 
intact cells by transient expression of the mutant protein in 
COS-7 cells. Finally, we have used a co-transfection assay to 
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-25 -17 

Met He Pro Ala Lys Asp Met Ala Lys 

Met He Pro Ala Lys Asp Met Ala Lys 

Met He Pro Ala Lys Asp Met Ala Lys 



-16 -10 -8 -3 

Vol Met He Vol Met I pu Aln T1p f vs Phe Leu Thr Lys Ser 

Val Met He Val Met Leu Ala He Arg Phe Leu Thr Lys Ser 

Val Met He Val Met Leu Arg He Arg Phe Leu Thr Lys Ser 



Asp Gly - Lys Ser Val Lys Lys Arg - PTH(l-84) 
Asp Gly - Lys Ser Val Lys Lys Arg - PTH(l-84) 
Asp Gly - Lys Ser Val Lys Lys Arg - PTH(l-84) 

Fig. 1. Signal peptide sequence of human prepro-PTH. Amino 
acids -25 to -1 constitute the signal peptide of wild-type and mutant 
(single and double) forms of human prepro-PTH. The 6 residues follow- 
ing the signal peptidase cleavage site (arrowhead) make up the pro 
sequence, and the 84 amino adds of mature PTH follow. Residues -16 
to -5 (underlined) comprise the hydrophobic core of the signal peptide. 
The described patient's mutation (Cys -* Arg at the -8 position; single 
mutant) and the additional substitution at the -10 position of the 
signal peptide (Ala -+ Arg; double mutant), are indicated by boldface. 
Numbers above the amino acids indicate their position relative to the 
signal peptidase cleavage site. 

define the mechanism by which this specific mutation could 
cause clinical hypoparathyroidism in the presence of a second, 
apparently normal (9), PTH allele. 

EXPERIMENTAL PROCEDURES 

Materials — Restriction endonucleases, Klenow fragment of Escher- 
ichia coli DNA polymerase I, and T4 DNA ligase were purchased from 
New England Biolabs (Beverly, MA). Endoglycosidase H (endc-0-JV- 
acetylglucosaminidase H) was from Boehringer Mannheim. Rabbit re- 
ticulocyte lysate, wheat germ extract, and canine pancreatic rough 
microsomes were purchased from Promega Corp. SRPs prepared from 
freshly excised canine pancreas and eluted from an aminopentyl- 
agarose column (13) were a generous gift from Reid Gilmore, University 
of Massachusetts, Worcester, MA. 

Construction of P/asm ids— Plasmid pWT84 was prepared by insert- 
ing a Ddel-Xbal fragment of human prepro-PTH cDNA encoding 
prepro-PTH(l-84) within the HindLll-Xbal cloning sites of the mam- 
malian expression vector pCDM8 (9). The single point mutation (T to C) 
was introduced at the -8 position of the signal peptide of prepro-PTH 
cDNA using ohgonucleotide-directed mutagenesis (14), resulting in 
plasmid pSM84 (single mutant; see Fig. 1). Plasmid pSM84 was then 
further modified by two additional point mutations introduced into the 
- 10 position of the signal peptide (GCA to CGA: Ala to Arg), resulting 
in plasmid pDM84 (double mutant; Fig. 1). 

Plasmids pWT83, pSM83, and pDM83, all containing prepro-PTH(l- 
83) sequences without the - termination codon, were constructed by 
subcloning a Hindlll-Pstl fragment containing the prepro sequences 
from plasmids pWT84, pSM84, and pDM84, respectively, into plasmid 
SP-PTH(X&aI/Ba/31/C7aI/#6) comprising mature PTHU-83) sequences 
without the termination codori (15). 

In order to construct a plasmid encoding a protein of the same size as 
prepro-PTH but lacking a functional signal sequence, Ncol linkers were 
introduced into the Smal site in the polylinker of SP-PTHCX&aI/£a/31/ 
OaI/#7) (15), and a 225-base pair ffaelll-ffmdIII fragment derived 
from the same plasmid'was ligated into the Ncol site. This introduced 
an ATG initiation codon followed by PTH sequences (51-82)-Ala in place 
of the signal sequence. This plasmid was then restricted with Clal and 
ffindlll and ligated to a 7)pnI-r/indIII fragment isolated from plasmid 
SP-PTH (15), containing sequences encoding PTHU-84). The resulting 
plasmid (pRM84, for random mutant signal sequence), encoded Met- 
PTH(5 l-82)-Ala-Ser-PTH( 1-84). 

To introduce an AMinked glycosylation site into the PTH-coding 
sequence of plasmids pWT84 and pSM84 ( synthetic oligonucleotides, 
encoding Ser- Asn-GIy-Ser -Gly-Glu-Gly-Val-Glu-Ser, were ligated into 
the unique Taql site of the prepro-PTH coding sequence (the underlined 
sequence indicates the consensus sequence for iV-glycosylation). The 
resulting plasmids, pWT84(G) and pSM84(G), differed from p WT84 and 
pSM84, respectively, only by the insertion of 9 amino acids between 
residues Ser-17 and Met-18 of the mature PTH protein. 

In Vitro Transcription, Translation, and Analysis of Products— Plas- 
mids were linearized and sense RNA strands were transcribed using 



either T7 or SP6 RNA polymerase (15). Translation reactions in rabbit 
reticulocyte lysate and in wheat germ extract were performed according 
to the manufacturer's (Promega) procedure. Translation products were 
immunoprecipitated using affinity-purified goat anti-human PTH(1- 
34) antiserum and subjected to 15-20% continuous gradient SDS-poly- 
acrylamide gel electrophoresis (PAGE). Autoradiography was per- 
formed after treating the gel with EN 3 HANCE (DuPont NEN) as 
described previously (15). The identity of PTH-related peptides was 
established by amino-terminal radiosequence analysis (16). 

Posttranslational Membrane Binding-— -Truncated cRNAs missing 
the termination codon were transcribed from plasmids pWT83, pSM83, 
and pDM83 and translated in the rabbit reticulocyte lysate cell-free 
system for 15 min at 24 °C. Aurintricarboxylic acid was added to 0.1 mM 
to inhibit translation initiation, and after another 15-min incubation, 
emetine was added (1 mM final concentration) to block peptide elonga- 
tion. Incubation was continued for another 15 min, 4 eq (1 eq refers to 

1 pi of the original rough microsome preparation that has been adjusted 
to a concentration of 50 units/ml; see Ref. 17) of microsomal 
membranes/25 ptl of translation mixture were added, and incubation 
continued for 15 min at 24 °C. Translation products were then incu- 
bated at0°Cfor 10 min. Insertion into the membranes was assessed by 
centrifugation of the membranes through either a physiological salt- or 
an EDTA- sucrose step cushion (15, 18). Supernatants containing mem- 
brane-free peptides and pellets were immunoprecipitated and subjected 
to SDS-PAGE analysis, as described (15). 

Protease Protection Assay— To assay for co-translational transloca- 
tion, wild-type and single-mutant cRNAs were translated in rabbit 
reticulocyte lysate cell-free system in the presence of canine pancreas 
microsomal membranes. After a 15-min incubation at 24 °C, proteinase 
K (20 ugfm\ final concentration) was added to the translation reaction 
mixtures either alone or in combination with Triton X-100 (1%), and 
incubation was continued for a further 60 min on ice. After inactivation 
of the protease with phenylmethylsulfonyl fluoride (final concentration, 

2 mM), radiolabeled proteins were subjected to immunoprecipitation 
and SDS-PAGE analysis. 

Endoglycosidase H Digestion— Transcribed products of pWT84(G) 
and pSM84(G) were translated in the absence or presence of micro- 
somal membranes, immunoprecipitated, and treated with endoglycosi- 
dase H (10 milliunits) as described previously (19). Following overnight 
digestion, bovine serum albumin was added as a carrier (final 0.25%), 
and the samples were precipitated by ice-cold trichloroacetic acid (15% 
final concentration). Following centrifugation, the precipitates were 
resuspended in 0.1 m Tris-HCl, pH 7.4, and prepared for SDS-PAGE 
analysis as usual. 

Signal Peptidase Assay— EDTA-stripped, nuclease-treated rough mi- 
crosomes were prepared from canine pancreas as described (17). Ali- 
quots of rough microsomes- were resuspended by homogenization in 
ice-cold buffer (20 mM HEPES, pH 7.6, 50 mM NaCD'to a final concen- 
tration of 50 Ajuo units/ml. Solubilization of signal peptidase with 
sodium deoxycholate was performed as described previously (20). 
Briefly, one volume of 10% (w/w) sodium deoxycholate was mixed with 
19 volumes of membrane suspension. The resultant clear solution was 
centrifuged at 100,000 x g for 4 h, and the supernatant was frozen in 
liquid nitrogen. Wild-type and single-mutant prepro-PTH and prepro- 
PTH(G) cRNAs were translated in a wheat germ cell-free system, and 
translation products were used as substrates for detergent-solubilized 
signal peptidase (20). A typical 50- /xl posttranslational cleavage assay 
contained 20 jil of the detergent extract, 20 pi of wheat germ transla- 
tion mixture, and 10 jil of water. Posttranslational cleavage by signal 
peptidase was allowed to proceed at 25 °C for 90 min. 

Pulse-Chase Analysis— COS- 7 cells cultured in 12-well (22 -mm di- 
ameter) plates in Dulbecco's modified Eagle's medium supplemented 
with 10% fetal calf serum and antibiotics were transfected with plas- 
mids pWT84, pSM84, and pDM84 using the DEAE-dextran protocol 
followed by 10% dimethyl sulfoxide shock (21). Five days later, cells 
were rinsed twice with Dulbecco's modified Eagle's medium without 
methionine and supplemented with 2% dialy2ed fetal calf serum and 
then incubated for 15 min at 37 °C in the same medium containing 
[ M S]methionine (40 jiCi/well). The cells were then washed once with 2 
, ml of Dulbecco's modified Eagle's medium (with methionine, supple- 
mented with 10% fetal bovine serum), and then incubated further in the 
same medium for the times indicated. Conditioned media were saved 
for immunoprecipitation, and cells were lysed with 0.5 ml of lysis buffer 
(0.01 M Tris-HCl, pH 7.2, 1% Triton X-100, 0.1% SDS, 1% sodium 
deoxycholate, 5 mM EDTA, 0.02% sodium aside, 0.15 M NaCl) with 50 /xl 
of phenylmethylsulfonyl fluoride at a final concentration of 500 pgfml 
DNAs of the cell lysates were sheared with a 22-gauge needle, and the 
extracts were briefly centrifuged prior to immunoprecipitation. 
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Fig. 2. Processing of normal and 
mutant prepro-PTH. Autoradiogram of 
[ 3 H]leucine-Iabeled proteins derived from 
the translation of cRNAs transcribed 
from plasmids containing wild-type 
(pWT84), single mutant (pSM84), and 
double mutant (pDM84) prepro-PTH 
cDNA Translation was performed in the 
rabbit reticulocyte lysate cell-free system 
in the absence (0 eq) or presence of in- 
creasing amounts (4, 8, and 12 eq) of ca- 
nine pancreatic microsomal membranes. . 
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Competition Studies — COS-7 cells were transfected with pWT84 or 
pSM84 either alone or in combination with pWT52 encoding for human 
prepro-PTH(l-52) (22). After the indicated times post-transfection, 
cells were labeled with [^methionine for 15 min at 37 °C, as described 
above. Cells were then lysed and processed for immunoprecipitation 
and SDS-PAGE analysis. 

RESULTS 

Processing of Wild-type and Mutant prepro-PTH— To assess 
the processing of wild-type and mutant forms of prepro-PTH to 
pro-PTH, transcribed sense RNA strands were translated in a 
rabbit reticulocyte lysate cell-free system in the absence or 
presence of increasing concentrations of canine pancreatic mi- 
crosomal membranes. In this co-translational assay, substitu- 
tion of Cys Arg at the -8 position of the prepro-PTH signal 
peptide (single" mutant) resulted in impaired processing to pro- 
PTH as compared with the wild-type form (Fig. 2). The addition 
of a second charged residue within the hydrophobic core of the 
signal peptide (Ala -* Arg at the - 10 position, double mutant) 
completely abolished. its proteolytic processing by rough micro- 
somes. Maximal processing of wild-type and single-mutant pre- 
cursors occurred when microsomal membranes were added to a 
final concentration of 4 eq/25 jtl of translation mixture. 

Interaction with SRP— -The impaired processing of the mu- 
tant prepro-PTH proteins by microsomal membranes may re- 
sult from the inability of SRP to recognize efficiently the al- 
tered signal peptides. Binding of SRP to the signal sequence of 
nascent;;secretory proteins induces a site-specific elongation 
arrest of- translation (3, 23). We, therefore, assessed the inter- 
action^ of thVmutant prepro-PTH signal sequences with SRP by 
examining the effect of exogenous SRP on inhibition of trans- 
lation in a wheat germ cell-free system (Fig. 3). The mRNAs for 
pWT84, pSM84, pDM84, pRM84, and rabbit globin were trans- 
lated- in the presence (final concentration 0.02 and 0.04 A 280 
units/ml) or absence of exogenous SRP. The translation of the 
wild-type protein .was inhibited significantly more than the 
translation of -the mutant peptides by exogenous SRP. .More- 
over, translation of the single-mutant form was impaired to a 
greater extend than that of the double mutant. The addition of 
SRP did not affect the synthesis of globin (cytoplasmic protein 
with no signal peptide) and PTH-like protein with a random 
mutant signal peptide. These results suggested that the ob- 
served inhibition in processing of the mutant precursors is, at 
least, partly due to the inability of their signal sequences to 
interact effectively with SRP. 

Translocation-competent Binding — To assess binding of the 
mutant prepro-PTH proteins to microsomal membrane compo- 
nents, truncated cRNAs for wild-type and mutant forms of 
prepro-PTH missing the termination codon were transcribed 
from plasmids pWT83, pSM83, and pDM83 and translated in 
the rabbit reticulocyte lysate cell-free system, thereby "freez- 
ing" the nascent proteins on ribosomes. After translation was 
complete, rough microsomes were added, and insertion into 
membranes was assessed following centrifugation of the reac- 
tion mixture through either a physiological salt- or an EDTA- 



sucrose step gradient. Only nascent chains tightly bound to the 
translocation apparatus pellet with the membranes in the pres- 
ence of high concentrations of EDTA (18). When membranes 
were added to the reaction mixture post-translationally, the 
propeptide (wild-type and single mutant) as weU as the pre- 
propeptide bands were seen in the precipitates (Fig. 4A). More- 
over, peptides pelleting with the rough microsomes were resist- 
ant to extraction with EDTA, suggesting that translocation- 
competent binding of the ribosome-nascent chain complex to 
the membranes had taken place. This post-translational assay 
suggested that the mutant proteins can be targeted to micro- 
somal membranes and bind in a translocation-competent man- 
ner. Although the mutant forms were able to engage the trans- 
location apparatus, they did so less efficiently than the wild- 
type form. Equal loading of the various reaction mixtures was 
verified by examining corresponding supernatant fractions us- 
ing SDS-PAGE analysis (Fig. 4£). Thus, the amount of nascent 
protein that sedimented with rough microsomes paralleled the 
affinity of SRP for the respective peptides (wild-type > single 
mutant > double mutant) likely reflecting their degree of in- 
teraction with SRP. As shown in Fig. 4A, processing of the 
mutant forms to pro-PTH was again markedly impaired when 
compared with the wild-type protein, even though transloca- 
tion-competent binding had been achieved. These results sug- 
gested that additional processes in the early steps of the secre- 
tory pathway, i.e. translocation and/or interaction with signal 

. peptidase, may be impaired by the mutant signal sequences. 

Protease Sensitivity of Membrane-bound Nascent Chains— 
To determine the location of the nascent chains within the 
rough microsomes, we examined their sensitivity to digestion 
with proteinase K either in the absence or presence of Triton 
X-100. Protein products that are translocated to the lumen of 
the microsomal vesicles would be protected from digestion by 
proteolytic enzymes that are unable to enter these vesicles. As 
shown in Fig. 5, the processed peptides (pro-PTH) were pro- 
tected by the membranes from proteolysis by proteinase K. The 
protection of these forms must have resulted from their seques- 
tration into the lumen of the microsomal vesicles. This was 
confirmed by the addition of Triton X-100 to the reaction mix- 
ture,jthereby, permeabilizing the membrane bilayer and allow- 

'ttig the protease to gain access to all protected polypeptides. 
The minor unprocessed single-mutant product that is protected 
from proteolysis may represent unprocessed nascent protein 
that has not fully translocated, yet is protected from proteolysis 
by the ribosomes and the tight ribosome-membrane junction 
required for translocation. 

N-Glycosylation of a Modified PTH Sequence— Since the mu- 
tant signal sequence might be a poor substrate for signal pep- 
tidase, cleavage alone is an insufficient criterion for the local- 
ization of PTH peptides. The fact that a fraction of the mutant 
prepro-PTH was protected from proteolysis raises the question 
of how far into the translocation process the uncleaved precur- 
sor has progressed. Because glycosylation is restricted to the 
lumen of the endoplasmic reticulum, the addition of carbohy- 
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Fig. 3. Effect of SRP on translation. 

The cRNAs for wild-type (pWT84), single 
mutant (pSM84), double mutant (pDM84), 
random mutant (pRM84), and rabbit glo- 
bin were translated in a wheat germ cell- 
free system in the absence (0) or presence 
of exogenous SRP (final concentration 
0.02 (i) and 0.04 (2) A280 units/ml). 
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" " ■ Fig. 4. Translocation-competent binding to microsomal mem- 
branes. Truncated cKNAs missing the termination codon were tran- 
scribed from plasmids encoding wild-type, single mutant, and double 
.mutant cDNAs and translated in rabbit reticulocyte lysate system. 
Translocation-competent binding to microsomal membranes was as- 
sessed by centrifugation of the membranes through either a physiolog- 
ical salt- or an EDTA-sucrose step cushion. Radiolabeled proteins in the 
pellets (A) and corresponding supernatants (£) are displayed. 
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Fig. 5. Protease sensitivity of membrane-bound nascent 
chains. Wild type (pWT84) and single mutant (pSM84) cRNAs were 
translated in the rabbit reticulocyte lysate system in the presence (+) of 
dog pancreas microsomal membranes. After translation was completed, 
reactions were treated with proteinase K (20 jig/ml) with (+) or without 
(-) the addition of 1% Triton X-100. Radiolabeled translation products 
were immunoprecipitated and analyzed by SDS-PAGE. 

drate to the PTH sequence by microsomal membranes would 
constitute further evidence of translocation and would not di- 
rectly require the presence of a suitable substrate for signal 
peptidase (19). Because the mature PTH protein does not have 
an AMinked glycosylation site, we engineered such a site 23 
amino acid residues distal to the signal peptidase cleavage site. 

Fig. 6 shows that upon translation of pWT84(G>-transcribed 
cRNA in reactions supplemented with microsomal membranes, 
two translational products with PTH immunoreactivity were 
seen that were not present in the absence of membranes. The 
smaller product migrated with an apparent molecular weight 
slightly greater than that of authentic pro-PTH and was there- 
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Fig. 6. Glycosylation of wild-type and mutant prepro-PTH(G). 

Plasmids pWT84(G) and pSM84(G) were transcribed in vitro and trans- 
lated in the rabbit reticulocyte lysate cell-free system in the absence 
(-A0 or presence (+Af) of canine microsomal membranes. Translation 
products were immunoprecipitated and treated with (+E) or without 
(-E) endoglycosidase H. 



fore felt to be pro-PTH(G). The second product, which migrated 
more slowly than prepro-PTH(G), , .wa^^lieyecf to be the glyco- 
sylated form of pro-PTH(G). TTus; was ; ,c.onfirmed by treatment 
with endoglycosidase H which, by -removing; carbohydrate on 
this peptide, shifted its position on an SDSrPAGE gel to that of 
pro-PTH(G). Interestingly, preprp-PTH(G) appeared to be proc- 
essed much more efficiently by.wminei microsomal membranes 
than the unmodified form of the-protem;(compare Figs. 2 and 
6), and this may simply reflect the influence of the extended 
length or the specific structure ofthecnascent chain. 

Translation of pSM84(G)-transcribed cRNA in the presence 
of membranes resulted in the appearance of three . PTH-immu- 
noreactive products, two of which Emigrated with pro-PTH(G) 
and its glycosylated form, while- the tthird was consistent with 
the unprocessed prepro-PTH(G) fomr^airi, .the addition of 9 
amino acids to the mature PTH -molecule 'resulted in a more 
efficient cleavage of the signal" sequence' .by microsomal mem- 
branes as compared with the unmodified form (see Figs. 2 and 
6). Yet, the mutant signal sequence ^atfohce* again processed 
less efficiently than the wild-type-secJuehceV as indicated by the 
persistence of the unprocessed mutant preprc^PTH(G) form in 
the immunoprecipitated products ;X)nce*cleaved, however, pro- 
PTH(G) was glycosylated appropriateljTas'cbhfirmed by treat- 
ment of the reaction products 'witfr' endoglycosidase H. The 
addition of carbohydrate to this moiety provides direct and 
independent evidence for its translocation, although signifi- 
cantly impaired, across the endoplasmic reticulum membranes. 
Furthermore, no larger glycosylated product was found that 
might have represented a protein that was translocated, gly- 
cosylated, and yet not cleaved by signal peptidase. Therefore, 
the uncleaved mutant prepro-PTH(G) was not delivered to the 
glycosylation machinery on the inner surface of the microsomal 
membranes. 

Processing by Solubilized Signal Peptidase— To determine 
whether the single-mutant form of prepro-PTH is an unsuit- 
able substrate for signal peptidase, we assessed proteolytic 
processing of the nascent protein in a translocation-independ- 
ent assay. Following translation of wild-type and single-mu- 
tant prepro-PTH cRNAs in the wheat germ cell-free system, 
signal peptidase assays were performed by mixing aliquots of 
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,£i5' 1 ' Si K nal peptidase assay. Following translation of either 
PWT84- and pSM84- or pWTS^G^and pSM^G)-transcribed cS£ 
in a wheat germ extract, signal peptidase assays were performed by 
mixing akquote of translation mixture and signal peptidase prepared by 
directly solubihzing canine pancreatic rough microsomes. 

translation mixture and signal peptidase prepared by directly 
solubilizing canine pancreatic rough microsomes. In this post- 
radiational assay, no cleavage was detected for the mutant 
precursor, while a minor amount of processing was observed for 
the wild-type form of prepro-PTH (Fig. 7). Since the wild-type 
prepro-PTH is also an inefficient substrate for solubilized sig- 
nal peptidase, an attempt was made to increase the sensitivity 
of the assay using as substrate the modified form of the prepro- 
PTH molecule containing an engineered glycosylation target 
site. RNAs encoding the wild-type and single-mutant form of 
_preprp:PTH(G) were translated, and solubilized signal pepti- 
dase was added posttranslationally (Fig. 7). As found with 
intact membranes, wild-type and mutant forms of this modified 
PTH protein were processed more efficiently than their normal 
^counterparts. Indeed, the mutant prepro-PTH(G) was proc- 
essed by solubilized signal peptidase unlike its unmodified 
form, but the extent of cleavage was significantly less than that 
of the wild-type prepro-PTH(G). These results suggested that 
the mutation in the signal peptide makes the protein a less 
, "stable substrate for signal peptidase. 
^Rvceksing and Secretion of Prepro-PTH in COS-7 Cells— To 

- confirm the cell-free data outlined above in intact cells, we 
examined the processing and secretion of mutant and wild-type 

^fonns ; of prepro-PTH from COS-7 cells transfected transiently 
r with the corresponding expression plasmids. Five days follow- 
ing transfection, cells were pulse-labeled for 15 min with 
- l [ • S]methionine and then chased for the times indicated in Fig. 

- 8 with medium containing cold methionine. The PTH species in 
cell extracts and conditioned media were immunoprecipitated 
and then resolved by SDS-PAGE. At the earliest time point 
:examined (0 min), the predominant product immunoprecipi- 
tated in wild-type PTH-transfected cells was pro-PTH, while 
only barely detectable levels of prepro-PTH precursor were 
observed (Fig. 8A). Moreover, immunoreactive PTH was seen in 
the culture medium of these cells after 30 min of chase (Fig. 
SB). The rate of processing seen with the wild-type sequence 
was in striking contrast to that observed with the mutant 
forms. In lysates from cells transfected with either mutant, the 
predominant band at the earlier time point corresponded with 
the prepro-PTH precursor with proteolytic cleavage to pro-PTH 
being dramatically reduced in efficiency. With the single mu- 
tant, only a small amount of pro-PTH was detected; no pro- 
PTH was found in cells expressing the double mutant. With the 
single-mutant form, a band corresponding to prepro-PTH was 
detectable even after 120 min of chase, consistent with the in 
vitro observed inefficient cleavage of this precursor to pro-PTH 
by microsomal membranes. Immunoreactive PTH was detect- 
able in culture media of these cells after 30 min of chase but at 
substantially reduced levels as compared with the wild-type 
form. The double mutant form of prepro-PTH, although effi- 
ciently translated, was not processed to pro-PTH, nor was 
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immunoreactive PTH detectable in the culture media of cells 
transfected with this plasmid (data not shown). These results 
demonstrate in intact cells the inefficient processing of the 
mutant prepro-PTH molecules as compared with the wild-type 
form. The single-mutant prepro-PTH allows a small amount of 
normal processing, consistent with the results in the cell-free 
studies that showed that the single mutant molecule can en- 
gage the translocation apparatus, although less efficiently than 
normal. The double mutant prepro-PTH almost totally fails to 
engage the translocation apparatus in cell-free extracts and is 
not processed at all in intact cells. 

Competition Experiments— A co-transfection assay in COS-7 
cells was used to address the issue of dominant transmission of 
hypoparathyroidism in the family carrying the single-mutant 
prepro-PTH allele. The objective was to determine whether the 
inefficient processing of the mutant precursor can result in 
obstruction of the translocation apparatus and, thereby, to 
global defects in protein processing. For this study, an expres- 
sion vector containing sequences encoding a truncated version 
of prepro-PTH, missing the last 32 residues (WT52), was used 
to provide a readily distinguishable varient of prepro-PTH with 
a normal signal sequence. 

WT52 was co-transfected into COS-7 cells with either wild- 
type or mutant prepro-PTH expression vector. Over-expression 
of the mutant precursor for up to 10 days did not interfere with 
the processing of prepro-PTH(l-52) (Fig. 9). Although these 
results may simply reflect lack of sensitivity of the system, they 
do not support global interference with protein processing at 
the microsomal membrane level as a consequence of overex- 
pression of the mutant prepro-PTH form. 

DISCUSSION 

Translocation from the cytoplasm into the endoplasmic re- 
ticulum, is a multistep process requiring a functional amino- 
tenmnal signal peptide. A signal sequence must perform effec- 
tively several distinct functions required for the efficient 
translocation of secreted proteins. These subfunctions include 
its recognition and binding to SRP, its interaction with mem- 
brane-bound components of the export machinery, opening the 
protein-conducting channels to initiate translocation, and ap- 
propriate presentation to the signal peptidase for cleavage. 

Three domains have been identified as a common feature of 
eukaryotic signal sequences, and considered to be necessary for 
carrying out these functions: a positively charged NH 2 termi- 
nus, a central hydrophobic core of 10-15 amino acid residues, 
and a polar COOH-terminal region (24, 25). While the COOH- 
tenninal region influences the efficiency and fidelity of signal 
peptidase cleavage, intactness of the hydrophobic region is 
indispensable for initiating translocation. 

Two reported inherited mutations in the signal sequence of 
human secreted proteins, namely preprovasopressin (10), and 
preprofactor X (11), involve the COOH-terminal region of the 
respective signal peptides. Thus, a point mutation resulting in 
substitution of Arg for Gly at the -3 position of the factor X 
signal peptide (Factor X Santo Domingo ) blocks cleavage by signal 
peptidase but does not interfere with targeting and transloca- 
tion to the RER (11). Similarly, a naturally occurring substitu- 
tion of Thr for Ala at the -1 position of the signal peptide of 
preprovasopressin results in central diabetes insipidus (10). 
This mutant protein, similar to the Factor X Santo 
undergoes inefficient cleavage by signal peptidase, although 
targeting and translocation to the RER are not measurably 
affected. 

The present study is the first to examine the effect of a 
naturally occurring substitution at the hydrophobic core of a 
signal peptide that results in human disease. Prepro-PTH, the 
precursor of PTH, contains a typical 25-residue amino-term'inal 
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Fig. 8. Expression of wild-type and 
mutant forms of prepro- PTH in 
COS-7 cells. Plasmids pWT84, pSM84, 
and pDM84 were transiently transfected 
into COS-7 cells. Five days following 
transfection, the cells were pulse-labeled 
with { M S]methionine for 15 min. At the 
indicated times following pulse-labeling, 
the media were removed, and cell extracts 
were prepared. Both cell extracts (A) and 
media (B) were immunoprecipitated us- 
ing a PTH-specific antibody prior to SDS- 
PAGE analysis. *, sample not processed. 
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Fig. 9. Co-transfecti on of wild-type 
and mutant prepro- PTH. Plasmids 
pWT84 and pSM84 were transfected into 
COS-7 cells either alone or in combination 
with pWT52. After the indicated number 
> of-days posttranafection, cells were pulse- 
' labeled; with [ M S]methionine for 15 min, 
- Cell; extracts were then prepared and im- 
munoprecipitated prior to SDS-PAGE 
analysis. . 



signal sequence followed by a 6-residue prospecific peptide and 
the mature hormone (residues 1-84; see Fig.-l). The hydropho- 
bic core of the human prepro-PTH signal peptide is composed of 
12 contiguous uncharged amino acids (residues -5 to -16 of 
the signal peptide). 

In the present study, we have demonstrated that substitu- 
tion of a charged amino acid, Arg for Cys, in the signal peptide 
hydrophobic core of prepro-PTH impairs co-translational trans- 
location as well as posttrahslational cleavage by isolated signal 
peptidase. The impairment was even more evident when two 
charged residues were introduced in the hydrophobic core of 
the signal sequence. In contrast to deletion mutants (26), this 
change interferes not only with translocation and cleavage by 
signal peptidase but also with binding to SRP. Since substitu- 
tion of a hydrophobic amino acid, leucine, for cysteine or its 
deletion was ineffective in modifying translocation and proc- 
essing (26), the present findings would suggest that a change in 
the hydrophobicity of the core is responsible for the observed 
global disruption in the processing of the mutant prepro-PTH. 
Similarly, single charged amino acids introduced in the hydro- 
phobic core of the E. coli maltose binding protein signal peptide 
impair secretion of the protein into the external periplasmic 
compartment of the cell (27). 

It is rather intriguing that three distinct reports of inherited 
mutations in the signal sequence of human secreted proteins, 
namely prepro-PTH (9), preprovasopressin (10), and preprofac- 
tor X (11), demonstrate inheritance of the associated disorder 
in an autosomal dominant fashion. As is the case for the other 
two reported disorders, however, it remains unclear why indi- 
viduals with a mutated PTH allele have hypoparathyroidism. 
From transfection studies in COS-7 cells, it would appear that 



expression of the mutati^aUeie;»4bes lead to secretion of PTH, 
albeit inefficiently. M6reover,HtheVnormal allele would be ex- 
pected to produce sufSdent :r circulating PTH to maintain cal- 
cium homeostasis. ~TKe ^xMy^otj^r- t retried case of familial 
isolated hypoparathyroidismisegregating with a mutation in 
the PTH gene, involved a;point-mutation affecting intron splic- 
ing and was associated: with autosomal recessive inheritance of 
the disorder (28). Since heterozygous individuals for this mu- 
tant allele were unaffected, ; it; would appear that one normal 
PTH allele is sufficient for maintaining calcium homeostasis. 

Hyr^pathyractismin^he presence of one normal PTH allele 
would therefore suggest that the mutant gene product exerts a 
dominant negative effect- in .uiuo.. The mutant protein might 
interfere with the normal targeting and processing of other 
secreted proteins, including the normal PTH precursor. Such 
interference might even lead to destruction of parathyroid tis- 
sue in affected individuals; unfortunately, this is difficult to 
evaluate because the tissue is not readily accessible. Export 
incompatibility, however, has been observed in E. coli express- 
ing transport-defective 0-galactosidase leading to lethal jam- 
ming of the cellular export machinery (29). 

The phenotype of the single-mutant prepro-PTH suggests 
that it might have dominant negative effects under appropriate 
conditions. The mutation allows a fraction of the prepro-PTH 
precursor to enter the translocation machinery, but the mutant 
protein is then cleaved inefficiently by signal peptidase. The 
inability of the uncleaved protein to reach the glycosylation 
machinery (assessed using the precursor modified by inclusion 
of a glycosylation signal) suggests that the precursor is not 
transported fully across the microsomal membrane. Such a 
protein that engages the translocation apparatus but fails to 
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move through the apparatus efficiently might well have domi- 
nant negative effects. The competition experiment in Fig. 9 
failed to demonstrate such an effect; perhaps higher levels of 
protein expression or a longer term experiment are needed. 
Nevertheless, the observation that all three reported human 
signal sequence mutations involve proteins that partly engage 
the secretory apparatus and appear to have dominant effects 
suggests that in vivo these mutant proteins cause dominant 
secretory dysfunction. 
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Study of Biogenesis and Secretion of Alkaline Phosphatase 
and its Mutant Forms in Escherichia coli. IIL Substitutions 
of Alkaline Phosphatase N- Terminal Amino Acid Affect 
Enzyme Biogenesis 
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Translated from Molekulyarnaya Biobgiya, Vol. 28, No. 2, pp. 374—382, March-April, 1994. 



Original article submitted July 4, 1993. 

The effect of N-tenninal amino acid substitutions in the Escherichia coli alkaline phosphatase [EC 
3.1.3.1] on its biogenesis was studied. Using & coli strains carrying different amber suppressors and 
. the phoA gene with an amber mutation at position corresponding to the N-terminal amino acid in 
mature protein; Arg(+1) was changed to Ser, Gin, Tyr, Leu, Gly, Ala, Glu, Phe, His, Cys, Lys, or 
Pro. All "these amino acid substitutions do hot prevent secretion and formation of active enzyme. 
However^introductioh of Pro in position +1 completely inhibits sigrral peptide cleavage (processing) 
and remits m>ccumulation of the precursor inside the cells. Other amino acid substitutions have, no 
effect on; processing. All N-terminal amino acid substitutions studied change the alkaline phosphatase 
isozyme spectrum. The experimental evidence obtained suggests that the protease splits off the alkaline 
phosphatase N-terminal arginine is ineffective with Glu and Lys at position +1. 

Key woras: alkaline phosphatase; R coli; amino acid substitutions; suppressor tRNA; biogenesis 



Alkaline phosphatase is a typicaL secretory protein 
of E. coli Like most secretory pfbteihspit is synthesized 
as a precursor (prePhoA) -wth;.:^. extra- N-texznix^ 
sequence named signal peptidb^ij^ 
of the protein across the cytoplasmic; membrane, the 
signal peptide is off cleaved ^ & rheiribrane-bound 
leader peptidase [2]. It has b&n v &own7tJiat the signal 
peptide is essential for secretion, and most amino acid 
substitutions disturb this process ;[1^3y;. 4]. Significantly 
less is known about the effect oMalkalirie phosphatase 
translocation across the membrane 'and signal peptide 
cleavage caused by amino acid substitutions in its mature 
part: there are only few publications on this problem [5, 
6]. We have found that amino acid substitutions within 
the leader peptidase recognition site and mature alkaline 
phosphatase N-terminal domain considerably affect dis- 
tinct steps of its biogenesis, suggesting an important role 
of these domains [6]. In line with this, the alkaline 
phosphatase N-terminal amino acid is of great interest. 
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This is a positively charged.arginine relatively rare at this 
position in secretory proteins. In the process of biogene- 
sis, the Nrterminal arginine is removed and active 
alkaline phosphatase ; macromolecules are formed 
through su]bunit dimerization, yielding three enzyme 
isoforms [7]. In addition, this amino acid is a part of 
the signal peptide cleavage site, it has been assumed for 
a long time that the nature of a secretory protein 
N-terminal amino acid is not critical for processing [8]. 
Recently, however, it was found for the phage Ml 3 coat 
protein [9] and E. coli maltose-binding protein [10] that 
some substitutions at this position interfere with the 
signal peptide cleavage. 

In this work the effect of N-terminal Arg substitu- 
tions on particular steps of alkaline phosphatase bio- 
genesis is studied. 



MATERIALS AND METHODS 

Bacterial strains and plasmids. Construction and 
characterization of E. coli strains used in this work were 
described in detail previously [11]. 
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Plasmid pl5KS(+) obtained from Dr. Fisher (FGR) 
contains multiple cloning sites identical to those of 
pBluescript KS (Stiatagene), pl5 ori of replication, 
chloramphenicol resistance marker. Plasmids pPHOA12 
and pPHOA7 were constructed on the basis of 
pl5KS(+). They contain the wild-type phoA or mutant 
phoM(am) gene of E. coli, respectively [11]. PhoA7 
mutation changes the CGQ codon corresponding to 
alkaline phosphatase Aig(+1) to an amber codon TAG. 
Plasmid pGFIBl and its derivatives containing E. coli 
amber suppressor tRNA genes Ala2, GluA, Phe, Glyl, 
HisA, ProH, and Cys [12] were obtained from J. Miller 
(USA). The amber suppressor tRNA gene pT5Su of 
phage T5 was obtained by oligonucleotide -directed mu- 
tagenesis and cloned in vector pGFIBl. Amino acid 
specificities of amber suppressor tRNAs used in the study 
are shown in Table 1. Mutant proteins are designated 
according to the main amino acid used by amber 
suppressor tRNAs and the position where amino acid 
substitution was introduced: PhoASer(+l), Pho- 
AGln(+l), PhoALeu(+l), PhoATyr<+l), PhoAAla(+l), 
PhoAPro(+l), PhoAGly(+l),. PhoAGlu(+l), Pho- 
APhe(+l), PhoACys(+l), PhoAHis(+l), PhoALys(+l). 



TABLE 1. Amber. Suppressors* Used in the Study 



Amber suppressor 



Amino acid incorporated 



Ala2 

GluA 

Phe 

Glyl 

HisA 

ProH 

Cys 

Ser(Sul) 
Gln(Su2) 
Tyr(Su3) 
Leu(Su6) 
Lys(pTSSu)* 



Ala 

Glu (59%), Gin (17%), Tyr (6%), Arg (6%) 
Phe 
Gly 
His 
Pro 

" Cys 
* Ser 

Gin 

Tyr 

Leu 

Lys 



" Construction of amber suppressors was described by Kleina et al. 
[12]. Amino acid specificity was determined by Normanly et al. [13]. 

** Phage T5 amber suppressor whose amino acid specificity was 
determined in this work. 



Cultivation of E. coli in synthetic medium was 
described in detail in our previous article [6]. 

Determination of alkaline phosphatase processing 
rate in vitro was done by a published method [4] with 
modifications. E. coli cells grown to mid-exponential 
phase in synthetic medium [14] were transferred to the 
same but orthophosphate-fiee medium and incubated 
for 10 min at 37°C. This time interval corresponds to 
the start of alkaline phosphatase synthesis. For protein 
pulse-labeling, [ 35 S]methionine (Radiopreparat) was 
added at 40 ^Ci/ml. After incubation for 30 sec at the 
same temperature, [ 35 S] methionine incorporation was 
terminated by adding cold amino acid to 0.05%. At 



certain time intervals, 50 ^1 aliquots were taken, pre- 
cipitated with 10% trichloroacetic acid, immunoprecipi- 
tated [15], and analyzed by electrophoresis followed 
with autoradiography. 

Analytical methods. Protein electrophoresis in 10% 
polyacrylamidegel with sodium dodecyl sulfate was car- 
ried out according to Laemmli [16]. Immunoprecipita- 
tion with rabbit anti-alkaline phosphatase antibodies was 
done as described previously [15]. Immunoblotting was 
done by electrophoretic transfer of proteins from gel to 
nitrocellulose BA-85 (Schleicher und Schull) followed 
with alkaline phosphatase detection, using rabbit anti- 
bodies and protein A-horseradish peroxidase conjugate 
(Bio-Rad Laboratories) as described by Tsfasman et al. 
[17], Alkaline phosphatase isoforms were visualized 
directly in polyacrylamide gel by treatment with d- 
naphthyl phosphate and Fast Red RR [18] after elec- 
trophoresis under native conditions. Alkaline phos- 
phatase activity was determined from the rate of 
/>-nitrophenyi phosphate hydrolysis: one unit (U) is the,' 
amount of enzyme that hydrolyzes 1 nmole of substiate-; 
in 1 min at 37°C. Protein was assayed by the.Lowry:; 
method [20]. :d . 



RESULTS 



Construction of Mutant Alkaline Phosphatases r 
Using Amber Suppressors 

" To obtain mutant alkaline phosphatases, an ap- 
proach was used that includes (a) introducing an amtir^ 
mutation into the /?AaAgene by oligonucleotide-direc^4^< 
mutagenesis, and (b) using amber suppressors to incorT ^ j 
porate a desired amino acid in the corresponding I>^^:. ! 
tion. The introduction of the amber muUtion^w^s^ 
described previously [11]; its location is shown in 
la. The mutant phoM(am) gene was cloned in' vector^ 
pl5KS(+) at Eindlll and BamHl sites (Fig. 16). L The 
resulting plasmid pPHOA7 has a pl5A ori of replication^ 
and a chloramphenicol resistance marker. Th^/ 
phoA7(am) gene with its own promoter Pp^ has th^ 
same orientation as the P^ promoter. The P^ : P ro - 
moter enables induction of alkaline phosphatase synthe^ 
sis in a minimal medium lacking orthophosphate. [19]. 
In suppressor-less E. coli strain, the amber mutatiori in 
the phoA gene results in premature translation termina- 
tion, while mutant proteins are synthesized in strains 
containing amber suppressors. In this work both "clas- 
sical" amber suppressors, whose genes have chromoso- 
mal localization (Sul, Su2, Su3, Su6), and amber 
suppressors whose genes are cloned in the plasnu 
pGFIBl under the contol of constitutive P/^P ^ o Inote^, 
from the collection of Kleina and coauthors [12], wer ^ 
used. The plasmid pGFBl bears an ampicillin resistanc 
marker and the ColEl ori of replication allowing ijsuj 
in a two-plasmid system in combination with pP ™ 
(Fig. lb). The amino acid specificities of amber supp 
sor tRNAs were established by Normanly et al. [13] 3X1 J 
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phoA (am) 



Amber mutation 
TAG 



x CCGTTACTGTTTACCCCTGTCACAAAAGCCCGGACACCAGAAATGCCT 
(Wild type) P^^uPheThrProVanhrLy S AlaAr?ThtProGluMetFro 

—1 +1 +4 



Signal peptide 



Mature part 



BamHl 




Hindi II 




EcoRI 



secreted not only to periplasm but to culture liquid as 
well (up to 80% of active enzyme) [14, 21]. As can be 
seen in Table 2, the efficiency of both wild-type and 
^Hf?" 1 Valine phosphatase secretion to the medium in 
- SJhejStialns studied in this work is significantly lower than 
MuMotti&i R coli strains studied previously [21] . This may 
gbe ^'associated with the peculiarities of cell wall structure 
■rxSin .the strains used. It was also shown by immunoblotting 



^ -TABtE 2. Activities of Mutant Alkaline Phosphatases in Bacterial 
Culture and Culture Liquid* 



a] 
tv 



axe presented in Table 1. We have described the con- 
.notion of E. coli cells with the phoA gene deleted 
jntaining respective amber suppressors and pPHOA7 
[11]. Using the approach described above, the alkaline 
phosphatase N-tenninal Arg was replaced with Ser, Gin 
Tyr, Leu, Gly, Ala, Glu, Phe, His, Cys, Lys, and Pro.' 

Common Features in Secretion and Biogenesis of 
Mutant Alkaline Phosphatases Obtained Using 
Suppressor tRNAs 

All mutant proteins studied have enzymic activity. 
This conclusion follows from the phosphatase activity 
assays in bacterial culture and culture liquid of E coli 
strains XAC (MK376-MK379 and MK391-MK398) 
harboring the plasmid pPHOA7 (Table 2). Phosphatase 
activity in E. coli strains MC106l/p3 (MK372-MK375 
and MK381-388) and E15 (MK401-MK408) differs 
considerably from the data presented above. This, prob- 
ably, is associated with the different efficiency of amino 
acid incorporation by amber suppressor tRNAs in dif- 
ferent £ coli strains. Though this makes impossible a 
quantitative comparison of expression and secretion for 
different mutant proteins, their enzymic activities sug- 
gest that none of the amino acid substitutions obtained 
results in complete block of alkaline phosphatase 
translocation across the cytoplasmic membrane and 
tive enzyme formation. 
It has been shown that the wild-type phoA gene 
xpression from multicopy plasmids results in enhanced 
alkaline phosphatase synthesis and alters its biogenesis: 
the PhoA precursor (prePhoA) is accumulated inside 
the cells as insoluble aggregates, and mature protein is 



,. Amter suppressor 



Alkaline phosphatase activity, mU/mg protein 





Culture 


Medium ' 


'.•Sul (Ser) 


1319 


' 426. ;. - 


Su2(Gln) 


2798 


: 94 


Su3 (Tyr) 


1703 


110 


Su6 (Leu) 


. 5034 


150 


Ala2 


4563 


556 . 


GluA 


2534 


359 


Phe 


1740 


206 


Glyl 


1509 


265 


HisA 


2290 


317 


ProH 


1913 


94 


Cys 


1259 


111 


Lys(pT5Su) 


3605 


3S0 


Control 


5573 


2S0 



Assayed in E. coli strains MK376-MK379 and MK391-MK399 
haiboring the plasmid pPHOA7. E. coti strain MK380 containing the 
plasmid with the wild-type phoA gene (pPHOA2) was used as a 
control. 
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Fte. 2. Immunoblotting of the wild- type and mutant alkaline phosphatases in ceU lysates. I) Wild-type PhoA; 
2) FhoASer(+l); J) PhoAGln(+l); 4} PhoALeu(+l); 5) PhoATyr(+l); S) PhoAAla(+l); 7) raoAPio(+l); 
J PhoAGly(+l); PhoAGlu(+i); iq> PhoAPhe(+l); 11) PhoACys(+l); 12} FhoAHis(+l); 13) PhoALys(+l). 



c a 



b c 



b c a b 



pre PhoA - 

PhoA — 



/ 



Pie 3 Analysis of mature alkaline phosphatase formation from 35 S-Iabeled precursors of: 1) wild- type PhoA; 
2) PhoAPro(+l); J) PhoAAlaf+1); 4) PhoAGln(+l); 5) PhoALeu(+l) in 0 (a), 0.5 (b), and 60 rain (c) after 
termination of labeling with l 3S S] methionine in vivo. Samples were analyzed by electrophoresis in 10% polyacryi- 
amide gel followed with autoradiography. 



jiat upon suppression of the amber mutation most of 
the mutant alkaline phosphatase precursors are not 
^ accumulated inside the cells, or their amounts are 
^negj^bleVvdiciw'thevdld-t^ precursor is abundant 
The can be explained by the fell in the protein 
^tii^as rate 'upon the amfersuppressor tRNA-aided amino 
>\^d >^ resulting in complete, tra^cxation of 

S5ie synthesized protein across the cytoplasmic membrane. 

^Mutant PrePhoA Processing in vivo 

-^'Tfahslbcation of precursor across the cytoplasmic 
;;meinbrane and its conversion to mature form through 
.signal peptide cleavage are important steps of secretory 
JiiipiekLJ^genesis. To study the effect of amino acid 
substitutions on these processes, in vivo pulse-labeling 
of protein was carried out. E. coli cells transformed with 
respective plasmids were labeled with [ 35 S]methionine 
for 30 sec and then incubated in the absence of the label. 
After immunoprecipitation, the alkaline phosphatase 
precursor and mature form were separated electro- 
phoretically. As can be .seen in Fig. 3, labeled 
PhoAPro(+l) is detected as precursor only, not con- 
verted to the mature form throughout the time of 
observation, suggesting the lack of signal peptide cleav- 
age. This conclusion is also supported by the absence of 
this protein mature form when the cell proteins are 
analyzed by immunoblotting (Fig. 2). The rates of 
precursor processing for the wild-type alkaline phos- 
phatase and proteins PhoAAla(+l), PhoAGln(+l), 
PhoALeu(+l) (Fig. 3) as well as other mutant proteins 



with Arg(+1) changed to Ser, Tyr, Gly, Glu, Phe, His, 
Cys, or Lys (data not shown) were very high, and their 
precursors were not revealed under these conditions. These 
data surest that no of the amino acid substitutions studied 
except Pro is critical for the in vivo protein processing. 

Posttranslocational Modification of Mutant Alkaline 
Phosphatases 

The last step in the wild- type alkaline phosphatase 
biogenesis includes removal of the N-terminal Arg and 
dimerization of protein subunits, yielding three enzyme 
isoforms: dimer with Arg at the N termini of both 
subunits (isoform I), heterodimer of subunits with and 
without N-terminal Arg (isoform II), and dimer in 
which both subunits are devoid of N-tenninal Arg 
(isoform III) [7]. To study the isozyme spectra of mutant 
alkaline phosphatases, we separated periplasmic proteins 
by electrophoresis under nondenaturing conditions and 
detected the active alkaline phosphatase direcdy in the 
gel (Fig. 4). The wild-type PhoA is present in the 
periplasm as three isoforms; the mutant isozyme spectra 
differ considerably from that of the wild-type proteuj. 
The PhoAGlu(+l) is revealed as a major isofonn wiui 
a higher electrophoretic mobility than that of the wiia- 
type isoform III. The presence of a minor isoform J** 
above the major one can be explained by the amino aci 
specificity of amber suppressor tRNA GluA , which can 
accept glutamine (17%) in addition to glutamic aci 
(59%) 113]. The PhoALys(+l) is detected as a srn*^ 
form with the same electrophoretic mobility as 
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isoforms are denoted by Roman numerals. Samples ^^Z^^^^^I^^'^ 

with alfcdine phosphatase visualization by treatment ^3Kl ^SSStXS' " ^ 



wild-type isoform I. Analysis of the isozyme spectra of 
mutant alkaline phosphatases with charged amino acids 
(Glu and Lys) substituted for Arg(+1) suggests that 
N-terrninal amino acid removal by the modifying pro- 
tease lap is impaired, otherwise other isoforms would 
have appeared in the case of N-terminal Lys or Glu. It 
. should be noted that an E. coli strain containing the Lys 
amber suppressor pT5Su was used in this work. The gene 
of this suppressor tRNA was obtained by oligonu- 
cleoude-directed mutagenesis of the phage T5 tRNA Lys 
gene. The amino acid specificity of this suppressor tRNA 
was not established before. The isozyme spectrum analy- 
sis indicates that this suppressor tRNA does accept Lys, 
otherwise a different isozyme spectrum would have been 
observed. In the case of noncharged amino acids or 
histidine, the mutant enzyme should comigrate with the 
wild-type PhoA isoform III, in the case of Glu or Asp 
it should be below isoform III, and in the case of Arg 
all three isoforms of the wild-type protein would be 
detected. According to Normanly et al. [13], the amber 
suppressor tRNA obtained from £. coli tRNA Lys also 
does not change its amino acid specificity. 

Isozyme spectra of proteins containing Ser, Gin, 
Tyr, Ala, Phe, or Gly at position +1 look as expected 
for proteins with substitution of a noncharged amino 
acid for Arg(+1). AH of them are detected as single 
isoforms with the same electrophoretic mobility as the 
wild-type isoform III. The same electrophoretic pattern 
k found for PhoAHis(+l). Since the pK' for histidine 
R-group is 6.0, it is uncharged under the electrophoretic 
conditions (pH 8.3), and hence does not affect the 
protein electrophoretic mobility. In contrast with the 
■nutant proteins mentioned above, introducing Pro or 
~ys in position +1 significantly alters the isozyme 
spectrum: several isoforms of these proteins are detected. 
In the case of PhoAPro(+l), this can be explained by 
protein self-aggregation or aggregation with other cell 



components owing to the presence of uncleaved signal 
peptide. In the case of PhoACys(-r-l), perhaps formation 
ot additional disulfide bonds between several subunits of 
this mutant protem.takes;place. The formation of such 
bonds, however, does not result in the loss of enzymic 
activity. In this case, the N-tenninal methionine also is 
not removed by the modifying protease. 



DISCUSSION 



After crossing the cytoplasinic-membrane, secretory 
protein precursors undergo ^processing that results in 
signal peptide cleavage ana^nyersibn of the protein to 
the mature form. This:Wcti6n is catalyzed by a leader 
(signal) peptidase [2, 22j? In our previous work (6] the 
high structural conservedness of amino acids at positions 
3 and -1 within the signaj^peptidase recognition site 
was discussed. PositionTillis .currenUy believed to be 
much less conserved f23^ijDdeed,'aU 20 amino acids 
are met at this position ^ in?eukafydtic secretory protein 
precursors [8]. However,, Qln, He, Leu, Met, and Pro 
are not found at position +1 of prokaryotic secretory 
proteins [8, 25). Our data suggest that a change of 
Arg(+1) to Ala, Glu, Phe; His, Cys, Ser, Gin, Leu, or 
Tyr in alkaline phosphatase does not significantly affect 
the protein processing in vivo. However, proline in this 
position completely inhibits the signal peptide cleavage. 
This finding is in full agreement with the data obtained 
in studying the processing of phage M13 coat protein 
[9] or maltose-binding protein [10]. Moreover, as found 
in the latter study, the mechanism of processing inhibi- 
tion for the maltose-binding protein with proline at 
position +1 is different from that for the protein with 
amino acid substitutions at positions -3, -1 of the signal 
peptide. While the latter mutations interfere with rec- 
ognition of the signal peptide cleavage site, the presence 
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of Pro(+l) makes the mutant protein uncleavable, but 
. does not impair its recognition by signal peptidase. Such 
a mutant protein acts as a competitive inhibitor of leader 
peptidase, which leads to accumulation of several secre- 
tory protein precursors inside the cells. The mechanism 
of PhoAPro(+l) processing inhibition is likely to be 
similar to the one described above; however, special 
experiments are required to clarify this question. 

In pulse-labeling experiments, secretory protein pre- 
cuisors are detected if either the protein translocation 
across the cytoplasmic membrane or the signal peptide 
cleavage by leader peptidase is blocked [9] . In this work 
it was found that inhibition of processing of the Arg(+1)- 
Pro protein does not prohibit the precursor translocation 
across the cytoplasmic membrane, as witnessed by the 
high phosphatase activity of this protein in bacterial 
cells. The E. coli alkaline phosphatase is known to 
become active only in the periplasm, where conditions 
are appropriate for disulfide bonding and active macro- 
molecule formation, while the nontranslocated alkaline 
phosphatase precursor has no enzymic activity [5, 7]. 
Moreover, the nontranslocated precursor is usually de- 
graded by cytoplasmic proteases in 5— 10 min [4]. As 
can be seen in Fig. 3, the m^Mit PK6APrb(+l) precur- 
sor does not imdergo proteolysis , even" after 60 min of 
incubation, suggesting \once .more its translocation 
across the cytoplasmic membrane. Our data agree with 
; the scanty findings for other proteins in which the 
introduction of proline in position + 1 inhibits processing 
but not translocation [9, 10] . . 

After completion of processing, alkaline phosphatase 
undergoes further proteolytic ^ratification: N- terminal 
arginine removal by protea^^Iajp. r [7]; It has been shown 
that adding arginine to 2 ih^c^l^^in^iim inhibits the 
conversion of alkaline pfi^pfiatlse isoforfn I to isoforms 
II and III: from this';. OMei^^tib riT the specificity of 
protease lap was sugg^t^J[26,T27]. However, the 
specificity of lap protea^^%a^,;N-terminal arginine 
has not been directly proved jantU^now. Our data suggest 
that at least glutamic aHff^or Vlysine introduced in 
position +1 of alkaline phosphatase are not removed by 
the modifying protease. t - i ^.t"^ ^ 

The data of this worlc indicate: that all substitutions 
of N- terminal arginine in alkaline phosphatase are not 
absolutely critical for its translocation across the cyto- 
plasmic membrane and for^ active molecule formation; 
however, they affect certain steps of biogenesis. 

In this study, amino acids were incorporated into 
the position corresponding to amber mutation in the 
phok gene with the aid of amber suppressor tRNAs. 
Using a set of amber suppressors, we were able to obtain 
a broad set of proteins with Arg(+1) substituted with 
various amino acids. Despite the great number of amber 
suppressors available [12, 28, 29] and the obvious 
attractiveness of their use in protein engineering, this 
approach has not been widely applied heretofore. Our 
data show that introduction of amino acid changes with 
the aid of different amber suppressor tRNAs is promising 



when a quantitative evaluation of mutant protein expres- 
sion is not necessary. Moreover, the system used by us 
to obtain the mutant alkaline phosphatases can be 
applied for assessing the specificity of unidentified amber 
suppressors by analysis of the mutant alkaline phos- 
phatase N-terminal amino acids. This is technically 
simpler than determination of the 10th amino acid in 
the E. coli dihydrofolate reductase, whose gene with 
amber mutation in this position is currently used for such 
purpose [13]. 

The study was done with financial support from the 
Russian Fund for Basic Research. 
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The cloning of the gene for staphylococcal nuclease 
A in the pIN-III-OmpA secretion vector results in a 
hybrid protein which is processed by signal peptidase 
I, yielding an active form of the nuclease that is se- 
creted across the cytoplasmic membrane (Takahara, 
M., Hibler, D., Barr, P. J., Gerlt, J. A. f and Inouye, M. 
(1985) J. Biol. Chem. 260, 2670-2674). Using oligo- 
nucleotide-directed site-specific mutagenesis, we have 
constructed a set of mutants at the cleavage site area 
f the precursor hybrid protein designed to alter pro- 
gressively the predicted secondary structure of the 
cleavage site. Our results show that processing be- 
comes increasingly defective as the turn probability 
decreases. These results are consistent with the struc- 
tural requirement that we found for the processing of 
lipoprotein by signal peptidase II (Inouye, S., Duffaud, 
G., and Inouye, M. (1986) J. Biol. Chem. 261, 10970- 
10975). We conclude that secretory precursor proteins 
have a distinct secondary structural requirement at 
their cleavage site for processing by signal peptidase 
I, as well as by signal peptidase II. 



Secretory proteins are usually synthesized as precursors 
containing an extra ammo-terminal extension termed the 
signal peptide (Watson, 1984). During protein secretion across 
the cytoplasmic membrane of Escherichia coli, specific pro- 
teases are required for the removal of these peptide exten- 
sions. These proteases are called signal peptidases; and in E. 
coU\ two have been shown to be responsible for processing of 
all secretory precursors: signal peptidase I (leader peptidase) 
(Wolfe er oi., 1982) and signal peptidase II (Husain et aL, 
1980). All secretory proteins but lipoproteins are processed by 
signal peptidase I. Lipoproteins are processed by signal pep- 
tidase II, which requires a lipid modification at the cleavage 
site of the precursor before processing (reviewed by Wu 
(1987)). 

Prokaryotic signal peptides consist of approximately 20-30 
amino acid residues and do not show a significant sequence 
homology (reviewed by Duffaud et aL (1985)). However, they 
are organized in three discrete regions: 1) an ammo-terminal 
region containing 1-3 positively charged amino acid residues; 
2) a hydrophobic sequence of 14-20 residues often punctuated 
by 1 or 2 proline and/or glycine residues; and 3) a cleavage 
site region usually joined to the hydrophobic region by a 
serine and/or threonine residue. The carboxyl-terminal end 

* The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby, 
marked "advertisement" in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact. 

X Supported by a Setsuro Fujii fellowship. Present address: Dept. 
of Biochemistry, Brandeis University, Waltham, MA 02154-9110. 



of the signal peptide (cleavage site) is always an amino acid 
with a small side chain: serine, alanine, or glycine. This 
feature at the cleavage site has been shown to be essential for 
the processing of the precursor of the major outer membrane 
lipoprotein of E. coli (Pollitt et aL, 1986). Only two amino 
acids could replace the glycine at the carboxyl terminus of the 
signal peptide: alanine and serine. Substitution by threonine, 
valine, or leucine resulted in defective processing. Unlike the 
C terminus of the signal peptide, there is no amino acid 
favored at the N terminus of the mature portion of the 
secretory protein (Duffaud et aL, 1985). An additional struc- 
tural feature has been described for the cleavage site: a high 
probability for a turn structure (Inouye et aL, 1986). We have 
demonstrated that as the" predicted turn probability at the 
cleavage site decreases, there is a ha^permg in the processing 
of the precursor of the -'major Upbproteiri of E. coli. When the 
predicted turn structure was completely eliminated, the mu- 
tant precursor protein became totally defective in lipid mod- 
ification and processing. 

In this study, we attempt to examine whether signal pepti- 
dase I recognizes similar structural features at the cleavage 
site. For this purpose, we created several mutations that 
progressively diminished;^ for the formation of 

a turn structure at the'-ciea^ the OmpA signal 

peptide, which is known^be ^ pr^esseil by signal peptidase 
I. Analysis of these mutants showed that a similar structural 
feature at the cleavage site;as re^rW for signal peptidase II 
also exists at the cleavage^si^ precursor proteins 

that are processed by signal-'pe^tiaWB'l. 

MATERIALS- ANti METHODS 

Strain, Plasmid, and Medium— E coli. strain SB221 {Ipp hsdW 
MrpES feuB6 lacY recAl/F''tac\*lac*pro+) (Nakamura et al. t 1982) 
was used as host for all plasnuds uKthis study. Cells were grown as 
previously described (Inouye ela/.,H982). Plasmid pIN-III-OmpA- 
#98 contains the nuclease A gene o( Staphylococcus aureus fused with 
a linker to the OmpA signal ^ ^ptide;The resulting protein is synthe- 
sized as a precursor which is processed by signal peptidase I and 
yields an active form of the nuclease which is exported to the peri- 
piasmic space of E. coli (Takahara et al., 1985). Plasmids derived by 
mutagenesis are described according to the'foUowing systematic rules: 
1) numbers always refer to the wild- type amino acid position and 
follow the described alteration; 2) substitution is indicated by the 
single-letter code name of the new amino acid; and 3) deletion is 
symbolized by the Greek capital delta (A) (Duffaud et al., 1985). In 
addition, plasmids derived from pIN-Ili-OmpA-#98 are named ac- 
cording to the localization of the mutation: A if it is in the OmpA 
signal peptide and N if it is in the mature portion of the hybrid 
protein. For example, one of the plasmids in this study has the proline 
residue at position 24 deleted and accordingly is termed pAN(A24) 
(see Fig. 1) (Lehnhardt et al., 1987). 

Oligonucleotide-directed Site-specific Mutagenesis — Oligonucleo- 
tides were synthesized on a Systec Microsyn-1450-DNA synthesizer 
by the phosphoramidate method and purified by preparative gel 
electrophoresis as previously described (Sinha et aL, 1984; Inouye and 
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Inouye, 1986). Site -specific mutagenesis was carried out with use of 
double-stranded plasmid DNA as template and has been previously 
described (Inouye and Inouye, 1987). The DNA sequence of the 
mutants was confirmed by sequencing them according to Sanger et 
at. (1977). The mutations obtained and the sequence of the oligonu- 
cleotides used for their construction are summarized in Fig. 1. 

Expression of Mutant Genes and Analysis of Protein Products— 
Pulse-chase labeling experiments were carried out as described pre- 
viously (Lehnhardt et ai, 1987). Immunoprecipitation was done using 
goat antinuclease sera, and the results were analyzed by SDS-PAGE 1 
using a 17% polyacrylamide gel (Inouye et al., 1982). 

Some of the processed secretory proteins were sequenced, according 
to the Edman method, to determine the cleavage site. The labeled 
and immunoprecipitated protein products were electroblotted with a 
Sartorius Filter Holder™ from an SDS-PAGE experiment onto a 
polyvinylidene difluoride membrane (Matsudaira, 1987). The prod- 
ucts were localized on the polyvinylidene difluoride membrane by 
autoradiography, and the membrane was cut accordingly. The piece 
of membrane with the absorbed protein product was processed di- 
rectly through the manual Edman degradation reactions, adapted by 
us for this particular case (Konigsberg, 1967). The degradation prod- 
ucts were counted by scintillation after each cycle of reactions. 

RESULTS 

Design of Mutations at Signal Peptide Cleavage Region— 
The gene coding for the OmpA- nuclease hybrid was con- 
structed by cloning the nuclease gene into a high expression 
secretion vector, pIN-III-ompA3 (Takahara et ai., 1985). The 
hybrid protein produced by pIN>HIf OmpA- #98 consists of the 
signal peptide of the OmpAfprofeiri, a major outer membrane 
protein, fused to nuclease r A of JS^aureus. It has been shown 
that the OmpA signal pejpt^ processed by signal 

peptidase I and that the resulting product is secreted into the 
periplasmic space. The secreted, product contains 11 extra 
amino acid residues at the -N terminus of nuclease A, resulting 
from the linker sequence, between the OmpA signal sequence 
and the nuclease A. This peptide extension is underlined in 
Fig. 1. This hybrid protein is preferred to here as "wild type," 
as opposed to the mutants, derived from it. 

We analyzed the probable a^re^^ of the hybrid 

by using the rules of Choji^^ The predicted 

a-helical and turn structures are shown in Fig. 2A. The region 
immediately following 'th^leav^ a strong poten- 

tial for a turn stmcture^as ^,in%e , case of the proiipoprotein 
(Inouye et a/., 1986). Thus^w^desi^ed mutations that would 
reduce this high turn prpbabllity in a stepwise manner. We 
first deleted the amino acids (proline and serine) which are 
known to be frequently found in" turn structures (Smith and 
Pease, 1980). We also triedib increase further the probability 
for an a -helix at the cleavage: sitejby. substituting the glycine 
at position 22 by a lysine; which is frequently found in a- 
helical structures. The structures of the three designed mu- 
tants, pAN(A24), pAN(A24A25)rand pAN(K22A24A25) are 
depicted in Fig. 1, and their predicted secondary structures 
are shown in Fig. 2 (B-D t respectively). These mutants were 
constructed using double-stranded DNA as template by oli- 
gonucleotide-directed site -specific mutagenesis as described 
previously (Inouye and Inouye, 1987); The sequences of the 
oligonucleotides used are shown in Fig. 1. All the mutations 
were confirmed by sequencing via the dideoxy chain termi- 
nation method (Sanger et a/., 1977) (data not shown). 

Expression of OmpA- Nuclease Mutants — Since the gene for 
the hybrid protein is under the control of both the Ipp pro- 
moter and the lac promoter-operator, the expression of this 
gene can be induced in E. coli SB221 by adding isopropyl-1- 
thio-0-D-galactopyranoside (IPTG), a lac inducer, to the cul- 

1 The abbreviations used are: SDS-PAGE, sodium dodecyl suifate- 
polyacrylamide gel electrophoresis; IPTG, isopropyl-0-D-thiogalac- 
topyranoside. 
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Wild type 

♦15 A _ 

PheAlaThrValAlaClnAla Civile ProSerl^uAsoPrnT hrV*lTvrS» r A l .^Z 
rrCCCTACCCTACCCCACCCC CCAATTCCAACCTTCGATCCAACACTATATACTCCAACT 

A24 i 

PheAlaThrValAlaClnAla ClylleQSerLeuAspProThrValTyrSerAlaThr 
CCC CCAATT AGCTTCCAT 

A24A2S i 

PheAlaThrValAlaClnAla ClyIlcOOLeuAspProThrValTyrS«rAUThr 
AGCCC GCCATT TTCGATCCAA 

K22A24A25 4 

PheAlaThrValAlaClnAla (^UQQuuAspProThrValTyrSerAlaThr 
GCAGCCC AACATC TTCCAT 

K22 1 

PheAlaThrValAlaClnAla (g^IleProSerLeuAspProThrValTyrSerAlaThr 
CCCACCCC aXcattcca 

Fig. 1. Sequences of cleavage region of wild-type and mu- 
tant OmpA-nuclease hybrid protein. Amino acid sequences at 
the cleavage region of the wild-type and mutant precursor proteins 
are shown from position +15 (the amino-terminal methionine is +1) 
to position +34. A circled space indicates a missing amino acid in the 
deletion mutants. A circled Lys indicates a lysine substituted from 
the wild-type sequence; The nucleotide sequence of the region is 
indicated under the wild-type region. The nucleotide sequences shown 
under the mutant proteins are those of the synthetic oligodeoxyribo- 
nucleotides used in their mutagenesis. The arrows indicate the cleav- 
age sites. 
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Fig. 2. Predicted secondary structures of OmpA-nuclease 
hybrid from pIN-III- OmpA -#98 and of its mutant derivatives. 

Secondary structures were predicted for the wild- type hybrid (A), 
mutant A24 (B), mutant A24A25 (C), and mutant K22A24A25 (D) 
according to Chou and Fasman (1978). Amino acid sequence refers 
to the precursor hybrid protein with the amino terminus methionine 
residue being +1. The solid lines represent the probability for an a- 
helical structure. The dotted lines represent the probability for a turn 
structure. The dashed lines represent the probability for the turn 
structure of the wild-type hybrid, compared to the mutant for the 
predicted turn structure. The arrows indicate the signal peptide 
cleavage sites. Parts of the amino acid sequences around the cleavage 
sites are shown in each case and are aligned with the arrows. The 
changes from the original sequence are indicated by a box for substi- 
tution or by a triangle for a deletion. 

ture medium. All the mutants were found to produce active 
nuclease when induced. However, one mutant was found to 
be lethal; E. coli SB221 carrying pAN(K22A24A25) was not 
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capable of forming colonies above 30 °C on L-broth plates 
containing IPTG at 2 mM. The other mutants were able to 
form colonies at all three temperatures tested (30, 37, and 
42 °C). This result suggested that the product of 
pAN(K22A24A25), albeit an active nuclease, was toxic to the 
host, probably by accumulating the enzyme inside the cell 
and/or by accumulating the unprocessed precursor in the 
membrane. 

Pulse-Chase Experiment— A pulse-chase experiment of the 
wild-type hybrid and of mutants A24, A24A25, and 
K22A24A25 was performed at 37 *C, as shown in Fig. 3. Cells 
harboring the wild-type plasmid (#98) or one of its mutant 
derivatives were grown to a klett reading of 50 and were then 
induced for 10 min with IPTG. The cells were then pulse- 
labeled with [^S] methionine for 30 s. After the pulse labeling, 
the cells were chased with nonradioactive methionine for 30 
s, 60 s, 90 s, 2 min, and 5 min. The reactions were stopped by 
addition of cold trichloroacetic acid, and the nuclease proteins 
were immunoprecipitated and analyzed by SDS-PAGE. 

It is clear from Fig. 3 that processing of the mutant proteins 
is slower in all cases than processing of the wild-type protein, 
with the effect being particularly marked for mutant 
K22 A24 A25, which even after 5 min, has less than 50% of its 
precursor protein processed to the mature form {lane 24, 
arrowhead b). Furthermore, it is evident that the rate of 
processing seems to be reduced for each new alteration added 
to the wild-type protein, as can be seen when comparing lanes 
3 (wild type), 9, (one deletion), 15 (two deletions), and 21 
(two deletions and one substitution). We determined the half- 
life of each precursor protein by calculating the ratio of 
precursor to mature form in each lane after densitometric 
measurement of each band. The estimated half -lives are found 
to be as follows: 30 s, #98; 50 s, A24; 120 s, A24A25; and >5 
min, K22A24A25. This progressive decrease in the rate of 
processing can be correlated with the decrease in the proba- 
bility for a turn structure at the cleavage site, as shown in 
Fig.2. 

The dramatic effect observed in the processing rate of 
mutant K22A24A25 may probably explain its lethal effect at 
37 and 42 °C. It is likely that the mutant hybrid protein can 
still be translocated across the cytoplasmic membrane but not 
processed, remaining attached to the membrane. Accumula- 
tion of such -unprocessed precursor molecules in the cyto- 
plasmic membrane has been shown to be lethal to the cell 
(Inouye et al., 1983). 

It is possible that the alterations introduced in the primary 
structure of the hybrid protein could have affected the proc- 
essing of the mutant protein by changing the location of the 
processing site. To address this possibility, we. performed an 




FiG. 3. Immunoprecipitates from pulse-chase experiments 
at 37 °C of mutants A24, A24A25, and K22A24A25. E. coli 
SB221 harboring pIN-III-OmpA-#98 or the mutant plasmid was 
pulse- labeled with ["S] methionine and chased at different intervals 
of time, as described in the text. The induction time was 10 min. The 
pulse time {lane P) was 30 s followed by a chase at 30 s {upper lane 
1 ), 60 s {upper lane 2), 90 s {upper lane 3), 2 min (upper lane 4) t and 
5 min {upper lane 5). Lanes IS refer to the wild-type hybrid, lanes 
7-12 to mutant A24, lanes 13-18 to A24A25, and lanes 19-24 to 
K22A24A25. The mature and precursor proteins are indicated by 
arrowheads a and b, respectively. 



Edman protein degradation of the labeled and processed 
products of the wild-type plasmid (pAN) and the 
pAN(K22A24A25) mutant labeled with [ 3 H]isoleucine. I n 
both sequenced proteins, a distinct peak appeared at the 
second cycle, indicating that both the wild-type plasmid and 
the pAN(K22A24A25) mutant are processed at the expected 
cleavage site (Table I). 

Effect of Mutant pAN(K22)— The dramatic effect brought 
by the substitution of a glycine at position 22 by a lysine in 
mutant A24 A25 led us to investigate the role of this particular 
position. It is quite possible that replacing the glycine with a 
lysine residue might make the cleavage site less recognizable 
by signal peptidase I; for example, a bulky side chain at that 
position could "hide" the site. In order to examine this pos- 
sibility, we constructed mutant K22. The individual structural 
contribution of K22 can be estimated by the rules of Chou 
and Fasman (1978) as done above. A lysine at position 22 
contributes to the overall decrease in turn probability close 
to the cleavage site. However, the probability for an a-helix 
after the cleavage site does not increase as much as for A24 
(data not shown). Overall, the structural effect of K22, if any, 
might be comparable to the effect of A24. Thus, K22 might 
have a potential for affecting processing in two ways: an 
accessibility factor for the peptidase and a structural recog- 
nition effect. 

The result of a pulse-chase experiment on mutant K22 is j 
shown in Fig. 4. It is clear that mutation K22 by itselfrdoes^- 
not alter significantly the rate of processing {compare lanesh w 
and 2 with 7 and 8, respectively). Thus, the effect of K22t&k^ 
be exerted only when it is combined with A24A25. This result; 
also suggests that the nature of the amino acid at the' N 
terminus of the cleavage site is not essential for recognition" - 
by signal peptidase I of the cleavage. However, it shouldbe 

Table I ; . 

Edman degradation of the pAN(K22&24&25) product v^vvHi- 
A 5-ml volume of cell culture at mid-log phase was induced with>~ 
IPTG for 3 min. At that point, 200 n\ of ( 3 H]isoleucine were^added^ 
(32 Ci/mmol, 1 mCi/ml). After a 25-min incubation, the ceUs Jvere^ 
treated as described in the text, and the plasmid protein, products^ 
were immunoprecipitated and electroblotted from an SDS : PAGE ^ 
experiment to a polyvinylidene difluoride membrane. The membra^e^:\: 
was cut, and the absorbed proteins were manually sequenced byrthe. 2; 
Edman method (details in text). The values represent the average<10-^ 
min counts after background counts were subtracted. 
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FiG. 4. Immunoprecipitates from pulse-chase experiment at 
37 °C of mutant K22. E. coli SB221 harboring pIN-III-OmpA-#98 
or the mutant plasmid was pulse-labeled with ["S] methionine and 
chased at different intervals of time, as described in the text. The 
induction time was 10 min. The pulse time {lane P) was 30 s, followed 
by a chase at 30 s (upper lane 1 ), 60 s (upper lane 2), 90 s (upper lane 
3), 2 min (upper lane 4), and 5 min (upper lane 5). Lanes 1-6 refer to 
the wild- type hybrid and lanes 7-12 to mutant K22. The mature and 
precursor proteins are indicated by arrowheads a and 6, respectively. 
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Table II 

Recognition requirements for processing by signal peptidases 
The data presented in this report are summarized below along with the results already known about the 
requirements of signal peptidases as discussed throughou t the text. 

Signal peptidase 



Structural requirement 

Primary structural requirement 
C terminus of signal peptide 
NH a terminus of mature portion 

Specific sequence 

Other 



Turn 

Gly, Ala,- Ser 
Not apparent* 
Not apparent 
Not known 



Turn 

Gly, Ala (Ser)* 
Cyi 

Leu-Leu-Ala-GlyJCys* 
Lipid modification at 
N terminus Cys 



* The most frequently found amino acid residues are underlined 

at tSSfcg ~ " liPOPr ° teinS ' bUt ™ 8h0Wn to »» ««— substituted 

^Possibly dependent on satisfying the structural requirement 



pointed out that the N-terminal amino acid of the mature 
secretory protein can be altered only as long as the overall 
structural requirement remains satisfied. 

DISCUSSION 

Processing of secretory precursor proteins by signal pepti- 
dases takes place at a precise site, although there 4s no 
consensus sequence in the primary structure of the' signal 
peptide. In this regard, signal peptidases are unique among 
peptidases and proteases, which generally require specific 
primary sequences to recognize their cleavage sites . The ques- 
tion is then how signal peptidases are able to recognize the 
processing site of the signal peptide. A secondary structural 
requirement for a turn structure was proposed in the case of 
the lipoprotein which is processed by signal peptidase II 
(Inouye et al. t 1986). In this work, it was shown that;' trie 
probability for a turn at the cleavage site could be decreased 
by amino acid substitution in the mature portion^ jjf; the' 1 
protein, and this resulted in a reduced rate in iHe^id 
modification and processing of the lipoprotein 'precursor 
Based on these facts, it is possible to think that a 11 similar 
structural requirement exists for the recognition by- signal 
peptidase I. Actually, examination of several precursorrpro- 
teins according to the rules of Chou and Fasman (1978)' 
showed a high probability for a turn structure at the cleavage 
site of proteins processed by signal peptidase I; an example is 
given in Fig. 2A for the hybrid protein OmpA-stephylococcal 
nuclease A, which is processed by the same signal peptidase;. 
In order to test if a turn structure is also required for signal 
peptidase I, three mutations have been created on the mature 
portion of the OmpA-nuclease hybrid. The mutations were 
designed to alter progressively the predicted turn structure at 
the cleavage site, as shown in Fig. 2 (B-D) for mutants 
pAN(A24), pAN(A24A25), and pAN(K22A24A25), respec- 
tively. The most severe effect is observed in the processing 
rate of the pAN(K22A24A25) mutant, which had a lethal 
effect on the cell when expressed at 37 or 42 *C (see Fig. 3). 
It should be emphasized that the severe effect observed for 
mutant K22A24A25 is not due to the substitution of glycine 
at position 22 by a lysine. This mutation by itself does not 
have an effect, as seen in Fig. 4. The K22 mutation, as a 
"silent" mutation, becomes lethal only when combined with 
another mutation that might not be lethal by itself either, as 
is the case with mutant A24A25. The results presented here 
are consistent with the prediction that signal peptidase I also 



has a turn structure requirement at the cleavage region of the 
precursor protein, as is the case for signal peptidase II (Inouye 
et al. t 1986). Thus, the alterations introduced in the OmpA- 
" nuclease protein affected processing of the precursor by dis- 

- rupting its secondary structure without changing the actual 
cleavage site. 

- A structural requirement for a turn at the cleavage site for 
both peptidases is also consistent with- the.. proposed loop 
; model for protein secretion (Inouye et o/., 1979; Inouye and 
. Halegoua, 1980). In this model, the signal peptide forms a 

- loop during its insertion in the membrane at the cleavage site. 
It is conceivable that the loop structure at the cleavage site is 
exposed to the outside of the cytoplasmic membrane, where 
signal peptidase I was shown to be located (Wolfe et aL, 1982). 

. The loop could well generate a turn structure that could be 
a recognized by a signal peptidase. 

>: From the results presented here and other known properties 
' i of signal peptidases I and II also discussed here, it is possible 
^ -to summarize their requirements, as shown on Table II. Signal 
v peptidase I requires a turn structure at the cleavage site, in 
v addition to a small side chain amino acid residue (Gly, Ala, 
antl Ser) at the N terminus of the signal peptide. Signal 
: peptidase II, in addition to the same requirements as signal 
peptidase I, requires a specific primary sequence at the cleav- 
( ; , age site region. This unique sequence is required for the lipid 
-modification, which is in turn required for the processing by 
vsignal peptidase II (reviewed by, Wu (1987)). It is to be 
. expected that the mature portion of a precursor protein will 
play a role in the processing and secretion of the protein. Our 
results are also comparable with previous reports. Bankaitis 
et cd. (1984) have isolated pseudorevertants located in the 
mature portion of the protein that compensate for secretion- 
defective signal peptide mutations. Interestingly, the same 
signal peptide does not necessarily have the same effect if it 
is attached to two different proteins (Lehnhardt et aL, 1987). 
We have reported the importance of a compatibility between 
the signal peptide and the secretory protein to generate the 
appropriate structure required for the processing by a signal 
peptidase (Inouye et a/., 1986). We have also shown that the 
amino acid residue at the carboxyl terminus of the lipoprotein 
signal peptide can be Gly, Ser, or Ala, but not Thr, Val, or 
Leu (Pollitt et a/., 1986). The carboxyl terminal alanine of the 
OmpA signal peptide can also be replaced by a glycine residue 
without affecting the processing rate of the precursor. 2 From 

1 G. Duffaud and M. Inouye, unpublished observations. 
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these results, signal peptidases can be described as a new class 
of proteases which primarily recognize the secondary struc- 
ture of a protein, namely a reverse turn structure. The cleav- 
age reaction will proceed if there is also a Gly, Ala, or Ser 
residue appropriately located in the specific turn formed by 
the looping precursor protein. 
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The translocation of secretory proteins across the endoplasmic 
reticulum involves the recognition and cleavage of an amino- 
terminal extension exited the signal sequence 1 . The structure 
of signal peptides appears to be ubiquitous in having a very 
hydrophobic central core 2 , so that the signal sequence in secre- 
tory proteins from one organism could possibly be recognized 
by the processing and transport apparatus of another. We there- 
fore wished to investigate whether a protein, a- amylase, one 
of several hydrolytic enzymes secreted from the aleurone of 
wheat into the endosperm during germination, could be pro- 
cessed and secreted in an active form from the yeast Sac- 
charomyces cerevisiae, secretion being dependent upon the 
plant signal sequence. Here, synthesis of a -amylase was by 
inserting a cDNA clone coding for the entire a -amylase struc- 
tural gene 3 into a yeast expression vector 4 . The a-amylase 
protein coded for by this gene fusion has the signal sequence 
located internally, not at the N-terminal end of the polypeptide. 
Nevertheless, it is processed and the processed form is secreted 
into the medium in an active form. There are potential industrial 
applications for yeast that secrete a functional a -amylase. 

A previously isolated cDNA done for a wheat a-amylase 
gene was inserted into a yeast expression vector as shown in 
Fig. la. The yeast expression vector pMA230 codes for the 
phosphoglycerate kinase (PGK) promoter as well as the first 12 
amino acids of the PGK polypeptide 4 . The a -amylase cDNA 
was constructed using the dG/dC homopolymer tailing method 
and cloned into the Pstl site of pBR322 3 . The plasmid 2128 
contains the entire protein-coding sequence as well as 5' and 3' 
untranslated regions. The insertion of the cDNA coding for the 



•Present addresses: Ciba-Geigy Biotechnology. Research Triangle Park, Norjh Carolina 27709, 
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a -amylase. gene into the single BamHl site of pMA230, making 
the plasmid 520 (Fig. la), creates a hybrid gene coding for a 
translationai/fusion product as shown in. Fig. lb. From the 
sequence of .the a-amylase gene (C.M.L., unpublished results), 
the polypeptide synthesized will have a total of 38 extra amino 
acids at itsN-terminal end, coded for by the PGK gene, the 
normally untranslated a-amylase leader (in which there are no 
nonsense codons), the dG/dC homopolymer tail and DNA 
linker fragments (see Fig. lb). The a-amylase signal peptide is 
therefore, noi\at the N-terminal end of the polypeptide. 

Another > piasmid .(528) i was constructed in which the dG/ de- 
tails, the; 5 'j' -untranslated', region and almost all of the signal \ 
peptide co3{^g'?region were deleted (Fig. la). As shown -in Fig. 
lb, the polypeptide coded" for by 528 should be 23 amino acids 
longer/.thajh^te mature wheat a-amylase. Plasmid - 1 

521 (Fig^i^;.iCthe same as plasmid 520 except that the.: 
or-amylas_ei:^nje^was.Jns.erted in the wrong orientation to be -' 
transcribed ^gy^the ^ PGK promoter. Yeast cells carrying this - 
plasmid were-used as* non-a -amylase producing strains. 

Yeast ceils.transformed with the plasmid 520 were labelled 
with 35 S-metKionine, the intracellular protein was isolated, • 
immunopree^ anti-a-amylase serum and elec-.y 

trophoresed^on a SDS-polyacrylamide gel. Two distinct poly- " 
peptide bands can be seen on the resulting autoradiograph shown • 
in Fig. 2aV The larger polypeptide has an apparent molecular 
weight (MW) of 49,000 which is the expected value for the 
predicted fusion protein coded for by 520. The smaller polypep- 
tide is the processed form of the 49,000-MW protein (S.J.R., 
unpublished results) and is almost identical in molecular weight 
to mature iri vivo labelled wheat a-amylase (42,000 MW), 
although the mobilities of the two differ slightly (Fig. 2b, tracks 
A, B). This^small difference may be caused by differences in 
other post-trahslational events such as methylation or glycosyla- 
tion. When cells transformed with the plasmid 528 were labelled 
with 35 S-methionine a single polypeptide of the expected 
molecular weight (44,400) was immunoprecipitated by anti-a- ? 
amylase serum. As expected since the signal peptide is absent, .| 
no cleavage, to a smaller protein is seen (Fig. 2c). The incorpor - 
ation of label into a-amylase in cells carrying plasmid 528 is 
considerably greater than that seen for cells containing plasmid;| 
520. To demonstrate that this is not due to a general increase 
in incorporation of the label into protein, the 0 subunit of the*| ^ 
yeast mitochondrial ATPase was co-immunoprecipitated withj^ | 
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Fig. 1 Plasmids constructed to 
analyse a -amylase synthesis in yeast, 
a, A Pstl fragment from plasm id 
2128 (ref. 3) coding for the wheat 
a -amylase gene was ligated into the 
vector pUC7 (ref. 7) to make 501. 
There are two BamHl sites in pUC7, 
with a single site in the a-amylase 
gene (C.M.L., unpublished results). 
A partial BamHl fragment was iso- 
lated from 501 and inserted into the 
single BamHl site of pMA230 (ref. 
4). Plasmid 520 is an insertion in the 
correct orientation for transcription 
and correct reading frame for trans- 
lation of the a -amylase gene by 
the yeast phosphoglycerate kinase 
(PGK) gene, while the a-amylase 
gene is inverted with respect to the 
PGK promoter in 52 1 . The construc- 
tion of 528 involved the deletion of 
the dG/dC homopolymer tail, the 5' 
untranslated leader and most of the 
signal peptide as follows: there is an 
Rsal site 302 base pairs (bp) from 
the Pstl site at the 5' end of the 
a-amylase sequence in 501 (C.M.L., 
unpublished results). This Psil-Rsa] 
fragment was isolated and partially 
digested ~ with" Haelll. There are 
three Haelll sites in this fragment 
-10 bp apart, with the largest 
Haelll-Rsal /fragment being 75 bp 
long; This- partial:' digest .was ligated 
with. : SmiflJ,-cleayed pUC9 (ref. 7) 
and after transformation, a plasmid 
was isolated; having the largest 
Haelll- Rsa I Jr^mtm inserted into 
pUC9. The restriction map of this 
plasmid' (525) at the sequence of 
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interest was found "to be the following: BamHl (from pUC9)-5maI/tfaeiII (junction site)-KmfI (a-amylase)-KsaI/SmaI (junction site)- 
EcoRl (pUC9). The Hind site is 55 bp from the Haelll site. The reconstruction of the entire a-amylase gene involved isolating the 
BamH&JJMl fragment from 525 and the HmfI-£coRI fragment from 501 and ligating the two with BamHl plus 5coRI-<leaved pUC9 in 
a triple "ligation to make 526. The partial BamHl fragment coding. for the a-amylase gene was isolated from 526, and inserted into pMA230 
giving 528Kwhich has the a-amylase gene in the correct reading frame to be translationaliy fused with the PGK protein. The strain MC1022 
(ref. 8) wafcused for the transformation involving pUC7 and pUC9. MC1061 (ref. 8) was used for all other transformations. Symbols: P, Pstl; 
H, Haelitii-, Hint}: R, Rsal; B, BamHl; E, HcoRI; direction of transcription of the PGK promoter. Note that the only Haelll and ^al 
cleavage'"sTtes',shpwn are, those used in the construction, b, Predicted a-amylase translation products coded for by plasmids 520 ancj 528. The 
amino acio^equence at the N-terminal end of the a-amyiase polypeptides coded for by 520 and 528 are derived from the DN A sequences 
of pMA23fX(reT 4), various linker fragments (refs 4, 7) and of the a-amylase gene from 2128 (C.M.L., unpublished results). The latter sequence 
includes tSe^G/dC homopolymer tails and the 5' untranslated region as well as the normal protein coding sequence. The site of cleavage of 
the wheaTa-amylase signal peptide is predicted from the known cleavage site of the barley enzyme whose DNA sequence in this region is 
identical' (P.rChandler, personal communication). 
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a-amyias^;tfan : internal control (Fig. 2b, c)\ The cytoplasmic 
■a-amyiase-actiyity in cells containing plasmid 528 is about 10 
times higher thaVwheri 520 is present (data not shown). No' 
detectable a^arnylase was precipitated in cells transformed with 
plasmid 52T. 

The cleavage of the polypeptide coded for by 520 to a size 
similar in molecular weight to the wild-type wheat protein rajsed 
the possibility that the yeast cell was also secreting the a- 
amylase. To examine this, yeast cells transformed with 520 were 
labelled with 35 S-methionine and then incubated with non- 
selective medium (YPD A) containing unlabelled methionine. 
The protein in the medium and the intracellular protein were 
separately reacted with anti-a -amylase serum. As Fig. 2d shows, 
a radioactive polypeptide of the same molecular weight as the 
processed a-amylase was irnmunoprecipitated from the 
medium. Since the intracellular cytoplasmic fraction possessed 
both unprocessed and processed forms (as well as a third poly- 
peptide of intermediate molecular weight that was occasionally 
seen), while the extracellular medium fraction possessed only 
the processed polypeptide, the latter must have been secreted 
from the cell rather than appearing due to cell leakage or 
rupture. One interesting phenomenon is that the secretion of 



the labelled polypeptides into the medium appears to be more 
efficient when the chase is carried out in rich medium rather 
than selective YGM medium. 

We needed to investigate whether the secreted a-amyiase 
was functionally active. Yeast cells containing the plasmids 520, 
521 and 528 were therefore streaked on YPDA plates contain- 
ing 1% starch. The plates were reacted with iodine vapour which 
stains starch purple. As Fig. 3 shows, yeast colonies containing 
520 had clear halos around them indicating degradation of the. 
starch. There was also an occasional purple colony due to curing 
of the plasmid and subsequent failure to produce a-amylase. 
(Such colonies can arise because the plasmid was not maintained 
by selection on the rich medium.) In the case of yeast trans : 
formed with 528 and 521 there was no clearing, although when 
528 was present the starch underneath the colony and the 
colonies themselves turned purple' much more slowly. This is 
presumably due either to slight leakage of the a-amylase out 
of the cells or to cell rupture. There is 10 times as much 
a-amylase in cells carrying 528 than in those bearing 520, even 
though the clearing zones are far larger for the latter. These 
results show that the wheat a-amylase is secreted in a func- 
tionally active form. No noticeable halo was seen around ceils 
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form was about 30-60 min. The second point is that the pro- 
cessed protein is secreted into the me'dium in an active form. 
The amount of enzyme secreted was variable and within the 
range of 30-60% of total activity. These results are likely to be 
of interest to the brewing industry since secretion of a-amylase 
from yeast cells is potentially usgful in light beer production 5 . 
Yeast ceHs have already been shown to secrete animal secretory 
proteins . The processing and export of a plant protein points 
to the general similarity of the eukaryotic secretory signals and 
processing apparatus. 
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containing 520 plated on selective medium (YGM). This agrees 
with less a -amylase polypeptide being immunoprecipitated from 
YGM medium than from a rich medium (see above). 

There are two main points about the secretion of the wheat 
a-amylase in yeast. First, the wheat a-amylase signal peptide 
is recognized by the yeast-processing apparatus even though 
the signal peptide is not at the N-terminal end of the polypeptide. 
This process is slow, however (S.J.R. et al., unpublished results), 
presumably because the signal peptide is somewhat buried. The 
time taken to chase half of the labelled precursor to the mature 

Fig. 2 a-amylase polypeptides Q 
synthesized in yeast transformed 
with plasmids 520 and 528. The veast 
cells were labelled with *"S- 
methionine, the cells lysed, the pro- 
tein immunoprecipated with anti-o- 
amylase serum raised in rabbits 
against the purified wheat enzyme, 
and electrophoresed on SDS-poly- 
acrylamide gels, a, 520 transformed 
ceils labelled for 30 min with J *S- 
methionine. b. Track A— 520 trans- 
formed cells labelled for 30 min 
and then chased with unlabeled 
methionine for 90 min, the 
protein being immunoprecipitated 
with anti-serum against a-amylase 
and . the p subunit of the 
mitochondrial ATPase; track B, in 
■vivo labelled wheat o-amylase 
immunoprecipitated with anti-o- 

amyiase serum; track C, labelled - ~ . >* . ..^ . ^ .. ... - 

~ ?o7S"S Wilh . 0nly ' hc ant ^-scrum. c. Track A. 528 transformed yeast labelled for then Phased 

track C Tte!L^« n n^!? immUn ? prC , C,p,l f tcd r ilh b0th ^nti-a-amylasc and antiserum; track B, in vivo labelled whe^a-^E 
" £1* V I 3 c " pr ? C,p, . tatcd 0nly wilh anti-^-serum. d. Track A. cytoplasmic a-amylase protein from S2'0^iSi oVmeS Wasi 

track B^hTo" rT'rh S ; mClh,on,ne and thcn incubated with nonselective (YPDA) medium containing un abel ed ™iffio^ 

TJZI tu 8 h mcd, "5 n protc,n »™unoprecipitated with ami-a-amylase serum. Numbers indicate MW <x,0 2 ™ * 

Methods: The yeast strain used for all these experiments was Mcl6 (a tea 2-3 his 4-712 adt 2-1 Ivs 2-1 ^^^1, ^ J/ ^ a 

either YPDA (a non-selective, medium containing 1% yeast extract. 2% bacto^ep one 2% 

(select^ medium containing 0.67% yeast nitrogen base w/o amino acids, 2% glucose and 20 J mP ' adenine MsSin^^ 
■ p ~ t0 ,?^ ls " ere transformed essentially as described by Hinnen et al\ Cells were crown to a11™ S i^M^^^^^& 
M-Q . ^methionine in a volume of 200 uJ 
zymolyase 60,000 in an 80-uJ volume for : 

layer was scraped away from the endosperm and 10 aleurones were incubated for 5 h with 100 aCi "<? Atei«'?H™ e . 
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degradation, while the remaining starch turns a deep purple. 
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Trypanosomas which parasitize mammals have, evolved 
^mechanisms to evade immune attack, such as the occupation 
?of 'safe' intracellular sites (for example, ^Trypanosoma cruzi), 
*or antigenic variation, exemplified by Vtil^&Iiv^nan-;trypano- 
;;Somes (for example, Trypanosoma brucei): Ajntigeriicvariation 
is mediated by sequential expression ^ bf?ingle van ant- surface 
glycoprotein (VSG) genes, and often inv^es transposition of 
..the active gene 1 "*. Every VSG transcrip^punined shares the 
same 5' terminal 35-nucleotide leader seqUence^^ In T. brucei, 
this leader is encoded within a 1.4-icilobVse unit tandemly 
reiterated to form a large array 9,10 . It ^hypothesized 10 that 
this array is distantly linked to the expressed VSG gene and 
functions as a multiple promoter of VSG gene transcription, 
restricting transcription to that gene which, through genomic 
rearrangement, is placed downstream . from^i^.array.. Leader 
and structural gene sequences are presuWably juxtaposed by 
RNA splicing. Here we show that severairtrypanosomati both 
those which undergo antigenic variaton {^ypanosdma con- 
golense and Trypanosoma vivax) and those which do not (T. 
| cruzi and Leptomonas collosoma), contain reiterated sequences 
} homologous to the T. brucei spliced leader (SL). These results 
I suggest that the SL, although utilized in VSG gene expression, 
| is an ancestral sequence also used in the: expression of other 
[ trypanosomatid genes. 

! We have examined several genera of Trypanosomatidae and 
[ several species of Trypanosoma for sequences homologous to 
[ the T brucei SL by Southern analyses. Figure 1 shows restriction 
i enzyme-digested DNAs hybridized with an end-labelled probe 
! complementary to 22 residues of the 35 nucleotide SL. The 
\ Probe hybridizes to 1.4 kilobase (kb) fragments in each of the 
; T brucei subspecies (lanes 2-4) and to a 1.5-kb fragment in 
.the closely related species T. equinum (lane 1). Most of these 
. 1.4 (or 1.5) kb units, each containing one SL sequence, are 
directly and tandemly repeated 9,10 . In lanes 5-7 respectively 
the probe detects one major fragment in DNAs from T. vivax 
;(770 base pairs, bp), T. congolense (840 bp) and L. collosoma 
: (640 bp), while in the complete digest of T. cruzi DNA (lane 
$8) it hybridizes to a series of fragments whose sizes are multiples 
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Fig. 1 Identification of genomic sequences homologous to the T. 
brucei VSG mRNA SL in several genera of Trypanosomatidae 
and several species of Trypanosoma. Lane 1, 7. equinum, IHRI 
25; lane 2, T b. gambiense, Treu 1257, VAT L2 17 ; lane 3, T. b. 
rhodesiense, ILRAD 1799; lane 4, T. b. brucei, IsTaR 1, VAT 
l.ll 18 ; lane 5, T. vivax, ILRAD 1819, Stfll; lane 6, T. congolense, 
ILRAD 1180, Pvull; lane 7, T. cruzi; lane 8, L. collosoma, ATCC 
30261; lane 9, H. muscarum, ATCC 30260; lane 10, P. davidi, 
ATCC 30287; lane 11, L tropica, NIH strain 173; lane 12, C 
fasciculata, ATCC 1 1745. The hash marks indicate A -Hindlll and 
ct>Xl74- J rVaeIII DNA size standards of 23, 9.6, 6.6, 4.4, 2.3, 2.0, 
1.4, 1.1, 0.87 and 0.60 kb respectively. 

IVIethods: DNA was isolated 1 ^ cleaved with the indicated restric- 
tion enzyme, size fractionated on a 1.0% agarose gel and transfer- 
red to a nitrocellulose membrane. This blot was hybridized with 
a synthetic 5'-[ 32 P]-end-labeIied probe 9 complementary to 22 of 
the 35-nucleotide T. brucei brucei SL. Hybridization was for 18 h 
at 37 °C in 5 x SSPE (0.9 M NaCl, 0.05 M NaH 2 PO A , 0.005 M , 
Na 2 EDTA, pH 7.4), 0.25% Sarkosyl with 2 x 10 6 c.p.m. of probe . 
per ml of hybridization solution. After hybridization, the blot was 
washed twice at 20 °C and twice at 37 °C in the same solution. All 
restriction digests were with TV^I except where indicated. 

of 65.0 bp. Longer autoradiography of lanes 9-12 (not shown) 
reveals slight but discrete hybridization to Herpetomonas mus- 
carum, Phytomonas davidi and Leishmania tropica DNAs, 
indicating that these genomes also contain a sequence related 
to the T. brucei SL. 

Surprisingly, two trypanosomatids which do not undergo anti- 
genic variation and which arexjnly distantly related to T. brucei, 
namely T cruzi (Fig. 2a) and L. collosoma (Fig. 2b), show the 
most related organization of SL sequences. Lane 1 of Fig. 2a, 
b shows complete DNA digests with Banll and Taql respec- 
tively. The SL probe hybridizes to a 650-bp fragment in T. cruzi . 
and to a 640-bp fragment in L. collosoma. Partial digestion with ; 
these enzymes (Fig. 2a, b, lane 2) reveals a ladder of fragments : 
whose sizes are multiples of the monomer size, demonstrating '- 
that, as in T. brucei, the monomers are directly and tandemly 
repeated. When these DNAs are digested with enzymes which [ 
do not cleave the monomer (null restriction, lane 3) hybridiz-j/ 
ation is primarily to the intact tandem array, although several 
smaller fragments are also detected. In T. brucei 9 the majority 
of such fragments are orphons 11 , that is, dispersed from the, 
array of tandem repeats. 

The organization of SL sequences is more complex in T. vivax.- 
and T. congolense. Complete Ss/II digestion of T. vivax DNA 
(Fig. 2 c, lane 1) produces a 770-bp fragment plus several frag- • 
ments which hybridize less strongly with the SL probe. At least 
some of these 770-bp fragments are organized in direct tandem 
repeats since partial SsrII digestion (Fig. 2 c, lane 2) liberates 
multiples of the 770-bp unit up to the heptamer, at which point 
the pattern is obscured by other fragments. In addition to larger 
fragments, the complete Hinil digest (Fig. 2c, lane 3) liberates \ 
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Ir olvement of the Golgi apparatus in the secretion 

of a-amylase from gibberellin-treated barley aleurone cells 

F. Gubler 1 *, J.V. Jacobsen- and A.E. Ashford 1 

1 School of Botany, University of New South Wales. P.O. Box 1, Kensington. N.S.W. 2033, and 
- CSIRO Division of Plant Industry. Canberra. A.C.T. 2601, Australia 



Al stract. Localisation of a-amylase (EC 3.2.1.1) in 
bioey aleurone cells treated with gibberellic acid 
has been achieved using protein A-gold-labelled 
polyclonal antibodies. Gold particles were located 
almost exclusively over the lumen of the rough en- 
doplasmic reticulum and cisternae of the Golgi ap- 
paratus. The label was most concentrated over the 
Golgi apparatus. This indicates that the Golgi is 
involved in the secretion of a-amylase protein from 
ai Hirone cells. 

K.y words: Aleurone - a- Amylase - Gibberellin 
and amylase secretion - Golgi apparatus - Hor- 
deum (a-amylase secretion) - Protein secretion. 



Introduction 

In all cases examined, the intracellular transport 
fithway for protein destined to be secreted from 
•c umal cells involves the Golgi apparatus (see Far- 
quhar and Palade 1981 and Kelly 1985 for re- 
views). In higher-plant cells, although the Golgi 
is known to be involved in transport of newly syn- 
thesised storage protein into protein bodies in bean 
cotyledons (see Greenwood and Chrispeels 1985), 
there is no direct evidence of Golgi involvement 
in transport of protein that is secreted from the 
cell. This lack of evidence arises primarily from 
■e scarcity of plant cells which secrete large 
amounts of protein and are well characterised. 

The best-studied protein-secreting tissue of 
plants is the barley aleurone layer, which is stimu- 
lated by gibberellic acid (GA 3 ) to synthesise and 
secrete a number of hydrolytic enzymes, that are 
normally involved in mobilisation of endosperm 

* To whom correspondence should be addressed 

'hbreviations: ER = endoplasmic reticulum; GA 3 = gibberellic 
:id; PBS = phosphate-buffered saline 



reserves during germination (for recent reviews, see 
e.g. Ashford and Gubler 1984; Jacobsen 1984). 
The synthesis of a-amylase, the most abundant of 
these proteins which comprises some 50% of newly 
synthesised protein, has been intensively studied 
and there is now evidence that GA 3 regulates ex- 
pression of the : a-amylase genes at the level of tran- 
scription (Jacobsen and Beach 1985). However, the 
intracellular- transport pathway for a-amylase is 
still controversial. The unprocessed a-amylase po- 
lypeptide contains a signal sequence (Rogers and 
Milliman 1983; Chandler et al. 1984) and pulse- 
chase experiments have located newly synthesised 
protein in the microsomal fraction with a latency 
that indicates that-the enzyme may be sequestered 
in the lumen. o'Pthe endoplasmic reticulum (ER) 
(Jones and: Jacbbseri 1982). Both observations 
taken together indicate that the ER is. involved 
in the a-arriyliafeVt;ran^sport pathway, but the route- 
taken by ttie .enzyme beyond this point is unclear. 
At least four-'possible pathways have been sug- 
gested, involving transfer via the cytosol (Jones 
1972), lysosdmes (Gibson and Paleg 1976), ER- 
derived vesicles (Vigil and Ruddat 1973; Locy and 
Kende 1978; -Pylioti's et al. 1979) or Golgi bodies 
(Jones 1969; Fernandez and Staehelin 1985). How- 
ever, none of these proposals has been supported 
by direct evidence. 1 

We have localised a-amylase in situ in sections 
of GA 3 -treated aleurone embedded at low temper- 
ature in Lowicryl K4M (Carlemalm et al. 1982), 
using protein A-gold-labelled anti-a-amylase anti- 
bodies. This has enabled us to determine in which 
organelles the enzyme is located. 

Material and methods 

Preparation and incubation of aleurone layers. Aleurone layers 
were prepared from grains of Hordeum vulgar e L. cv. Himalaya 
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(Washington State University, Pullman. Wash., USA: 1979 
harvest) and incubated with 10~ 6 M GA 3 in 0.01 iM CaCl, 
at 25° C as described in Chrispeels and Varner (1967) except 
that the acetate buffer was omitted (see Jacobsen and Higgins 
1982). 

Preparation and purification of antibodies. Barley a-amylase was 
purified from the incubation medium of GA 3 -treated aleurone 
layers as described by Jacobsen and Higgins (1982). Rabbit 
antibodies were prepared against the a-amylase and purified 
by affinity chromatography on an a-amylase-Sepharose 4B col- 
umn as previously described (Higgins et al.1982; Jones and Ja- 
cobsen 1982). Immunoreactivity towards the low- and high- 
isoelectric-point groups of a-amylase isoenzymes was tested by 
the double-immunodiffusion technique (Jacobsen and Hiasins 
1982). 

Western blot. The specificity of the antibodies was checked by 
the Western-blot technique of Towbin et al. (1979). An extract 
was prepared from isolated, 20-h GA 3 -treated aleurone layers, 
by homogenising the layers in 10" 2 M sodium-acetate buffer 
(pH 4.8) containing 10" 2 CaCl 2 (Chrispeels and Varner 1967) 
and the insoluble fraction was removed by centrifugation at 
10000 ^ for 5 min. This extract and purified a-amylase were 
each fractionated by gradient sodium dodecvl sulphate-poly- 
acryjamide gel electrophoresis (12.5-25% ac'rylamide), trans- 
fer fP nitrocejlulose. and stained with anti-a-amylase anti- 
bodies (5 fig* ml l ) followed by protein A-peroxidase (Towbin 
et al; : 1979;- Bittner-et al. 1980). Staining specificity was checked 
by ^control, substituting the a-amylase antibodies with rabbit 
anti-sheep .immunoglobulin G serum, l-in-200 dilution (sup- 
. plied by D. Spencer, CSIRO, Division of Plant Industry). 

-Fixation - and low-temperature embedding. Small strips 
(1 x-2 mm 2 ) of isolated barley aleurone layers' treated with GA 3 
for 16 h, were fixed in 2% glutaraldehyde'in 0.03 M 1,4-pipera- 
anediethanesulfonic acid (Pipes) buffer (pH 7.5) and 
0.01 M taCK for 3. h at 0° C. After fixation the tissue was dehy- 
'^ated^n-^etft-ariol series (25, 50, 75, 95, 100%) with prosres- 

• sivelowering of temperature to a final temperature of -20° C 
_at^O0%^ahd*.then infiltrated with Lowicrvl K4M (Chemische 

%*«^?wi]Waldkraiburg, FRG) for 9 d at -20°C. Ratios 
^v[r2^% K ; 4M components were 4g crosslinker A:26g 
™PP°&Jo^ C Tissue was embedded in Lowic- 

ryl K4M in containers immersed in a liquid refrigerant bath, 
at a 'resin "temperature of approx. -45° C. Polymerisation was 

• brought-about by ultraviolet light in an atmosphere of nitroaen 
a "?f. S P&}$ 1 c ^ e was take * to prevent the larse temperature 
nsf. which, occurs when Lowicryl K4M is polvmerised under 
in^adequate;cooling conditions (Ashford et al. 1986). 

Imnnmocxtochenustry. The protein A-gold technique was used 
for,theimmunocytochemical localisation of a-amvlase on thin 
sections (silver-gold). Monodisperse colloidal gold*(15 nm) was 
prepared by reduction of chloroauric acid (BDH Chemicals, 
Poole. UK) with trisodium citrate (Frens 1973) and was com- 
plexed -with protein A (Pharmacia, Uppsala. Sweden) by the 
method .of Roth et al. (1978). Sections were mounted on car- 
bon-formvar-coated copper grids and were pretreated by float- 
mg on drops of phosphate- buffered saline (PBS: 0.01 M sodi- 
um-phosphate buffer, pH 7.2, and 0.15 M NaCl with 0.2 ma- 
mi 1 NaN 3 ) containing 20mg ml" 1 ovalbumin for 10 min. 
They were then incubated (again by fioatina on drops) in PBS- 
Tween (0.01 M sodium-phosphate buffer, pH 7.2, 0.5 M NaCl 
and 0.2% polyoxyethylenesorbitan monolaurate [Tween 20] 
with 0.2 mg-ml" 1 NaN 3 ) containing 20 ug-mP 1 a-amylase an- 
tibody and 20 mg-ml - 1 ovalbumin for 1 h. Following incuba- 



tion, the sections were rinsed by repeated immersion in Pro 
Tween for 5 min. transferred on to a drop of 20 mg-ml" 1 0 , 
bumin in PBS for 10 min, and then incubated on a dron r 
solution containing protein A-gold diluted in 5 mg-ml' 1 ov ! 
bumin in PBS (A 525 =0.05) for 1 h. Sections were then rinseH 
in PBS followed by distilled water and allowed to dry ah 
steps were done at 20° C The sections were post-stained with 
2% aqueous uranyl acetate followed by 1.3% lead citrate and 
examined in a Philips 300 electron microscope (Philins FinHk 
ven, Netherlands) at 80 kV. ^memo- 
Specificity of staining was evaluated by the following con 
trols. Sections were incubated with: 1) a-amylase antibodv 
which had been previously absorbed with 50-fold excess of ami 
gen, followed by protein A-gold; 2) rabbit anti-goat immuno' 
globulin G antibodies (Kirkegaard & Perry Laboratories 
Gaithersburg. Md.. USA), followed by protein A-gold- 3) 
buffer (without antibody), followed by protein A-gold. ' 

Quantitation of imnumolabelling. The labelling density over var- 
ious cellular organelles was measured by counting the number 
of gold particles per unit area of that organelle profile in im- 
munolabelled sections. The area of individual organelle profiles 
was measured with an Apple graphics tablet (Apple Computer 
Cupertino, CaL USA) connected to an Apple He computer 
and a carbon grating replica (2160 lines-mm -1 ; Agar Aids 
Stansted, UK) was recorded for calibration. Sections were 
taken from 2 aleurone layers (aleurone 1 and 2) and the data 
were recorded from a total of 135 micrographs each at 15600 x 
magnification. 



■mi 



SI 



lit 



12 3 4 

Fig. 1. Analysis of antibody specificity by the Western-blot 
technique- Purified barley a-amylase and extracts from GA 3 - 
treated barley aleurone layers were immunoblotted with affini- 
ty-purified anti-jc-amylase antibodies, after sodium dodecyl sui- 
fate-polyacrylamide gel electrophoresis and transfer to nitrocel- 
lulose. Purified a-amylase: lane L stained with amido black; 
lane 2, labelled with anti-a-amylase antibodies. Aqueous extract 
of GA-j-treated aleurone layers: lane J, stained with amido 
black; lane 4, labelled with anti-a-amylase antibodies. Only a 
single band (arrow) was detected in the aleurone extract when 
blotted with anti-a-amylase antibody. This band co-migrated 
with a-amylase. In a control where replicates of lanes 2 and 
4 were reacted with labelled rabbit anti-sheep immunoglobulin- " 
G serum there was no staining (not shown) 
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Fig. 2A-D. Immunocytochemical localisation of a-amylase in barley aleurone cells treated with GA 3 for 16 ; h. ; :Lbwicryl ;K4M- 
cmbedded sections were stained for a-amylase using the protein A-gold technique. Because of the absence of pbsfcflkafc 
,mium tetroxide, the membranes appear negatively stained. A The GA 3 -treated aleurone cells contained extejfsiyej rough ER 
::R). Golgi bodies (G) were also common especially around the cell periphery. In this micrograph labelling is specinckily-)^sociated'' 
with the rough ER lumen and regions adjacent to the Golgi body. Other organelles such as protein bodies" (PB) ^andiipid 
bodies {L) had little or no label. B and C Micrographs of Golgi bodies (G) showing labelling over the cisterriae/ Note 5 label 
over region of rough ER sectioned tangentially (ER). D Control section stained with only protein A-gold showing -no labelling 
over the rough ER (ER). Note the non-specific staining of the nucleus (N). A, D x 44000; B x 78000; C x 4609Q.Bar«;k()"3 fim 



Results 

"he specificity of the affinity-purified antibodies 
produced against barley aleurone a-amylase was 
tested by the Western-blot technique (Fig. 1). 
When blotted against a crude aleurone extract 
from GA 3 -treated cells, the antibodies reacted only 
with the a-amylase band. They were shown by 
double immunodiffusion tests to be immunoreac- 
tive against both low- and high-isoelectric-point 
groups of a-amylase isoenzymes (data not illus- 
1 rated), as had been found bv Jacobsen and Hig- 
jins (1982). 



The preservation of GA 3 -treated aleurone cells, 
embedded at low temperature in Lowicryl K4M, 
was generally good. The ultrastructure was charac- 
teristic for GA 3 -treated tissue with extensive areas 
of rough ER and of wall digestion (/ones 1969). 
The membranes appeared negatively stained but 
the rough ER was readily recognisable by the rows 
of ribosomes. The immunocytochemical localisa- 
tion of a-amylase in GA 3 -treated aleurone cells 
using protein A-gold is shown in Fig. 2. High levels 
of labelling were present over the rough ER and 
Golgi bodies. In contrast, other organelles had 
very low labelling. In Fig. 2 A labelling over the 
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Table 1. Density of immunolabelling over organelles in GA 3 - 
treated aleurone cells (gold particles per um 2 ±SD) 



Aleurone layer 1 Aleurone layer 2 





Amylase 


Antigen- ■ 


Amylase 


Antigen- 




antibody 


absorbed 


antibody 


absorbed 






control 1 




control 0 


Golgi 


120±47 


<1 


100 ±37 


<1 


Rough ER 


44 + 19 


< 1 


51 ± 15 


1.8±2.8 


Nucleus 


4.5 + 1.0 




3.8 + 1.5 




Microbody 


3.0±2.2 


<1 


1.4 + 0.8 


<1 


Lipid body 


<1 




<H 




Plastid 


< 1 




<\ 




Protein body 


<1 




<1 




Mitochondrion < 1 




<1 





a-Amylase+ a-amylase antibody; -=not counted 



rough ER is shown to be both in the lumen and 
associated with the membranes. Gold particles 
were rarely seen in the cytoplasmic, areas between 
ER cisternae. The labelling of, Golgi involved all 
cisternae as well as regions adjacent to the cis and 
trans faces (Fig. 2 A-C). Occasionally vesicles with 
high levels of labelling were observed but none in 
close proximity to Golgi bodies. Control treat- 
ments testing the specificity of the reactions all had 
very low labelling (e.g. Fig. 2D). 

Although the distribution ; of label is clear from 
the micrographs shown, in any labelling technique, 
proper evaluation of differences- in levels between 
organelles always requires replicate sampling and 
quantitative data (Stoward 158>)>Quantitative es- 
timates of the labelling densities; over various cellu- 
lar compartments confirmed the^c^nc^ of 
label in the rough ER and GbtgRtibdi.es (Table 1). 
Density of labelling over -most;, organelles was 
about one gold particle per 1 ^Vwrth the label- 
ling in the microbodies and nuciei:somewhat high- 
er. Labelling associated with,. thej; rough ER was 
at least ninefold higher, and in the Golgi 25-fold 
higher than that over any other cellular site mea- 
sured. There was thus two to. three -. times more 
label over the Golgi than over- the rough ER. In 
contrast, the labelling in these organelles in the 
antigen-absorbed control was at ; the level of the 
background. 

Discussion 

Localisation of a-amylase by protein A-gold im-- 
munocytochemistry almost exclusively in the 
rough ER and Golgi apparatus provides direct evi- 
dence for the involvement of these organelles in 
the intracellular pathway of a-amylase secretion. 



In the interpretation of these data it is important 
to remember that a-amylase is synthesised de novo 
in response to GA 3 and that all enzyme is destined 
for secretion (Yomo and Varner 1971). This means 
that all a-amylase localised in the cell is likely to 
be at some point along its secretory pathway, i n 
contrast to other enzymes such as acid phospha- 
tase (Pyliotis et al. 1979) where this cannot be de- 
termined because this enzyme is normally present 
in the cells and only a fraction is secreted (Ashford 
and Gubler 1984). 

Localisation of a-amylase within the lumen of 
the rough ER is consistent with biochemical evi- 
dence that isoenzymes from both a-amylase groups 
carry a leader sequence (Rogers and Milliman 
1983; Chandler et al. 1984) and that the lower- 
molecular-weight form is sequestered in micro- 
somes (Jones and Jacobsen 1982). It is also consis- 
tent with the proliferation of rough ER observed 
in aleurone cells treated with GA 3 (Jones 1969; 
Vigil and Ruddat 1973). All this evidence taken 
together indicates that synthesis and the initial part 
of the secretory pathway follow closely that found 
for animal tissues (see Kreil 1981 for a" review) 
and that the tenets of the signal hypothesis apply 
here as well. 

In animal cells the Golgi complex has long been 
recognised as playing a central role in the sorting, 
modification and packaging of newly synthesised 
protein transported from the rough ER both to 
extracellular and intracellular destinations (see 
Farquhar and Palade 1981; Kelly 1985). Evidence 
is now accumulating for a similar situation in plant 
cells. It is known from biochemical, ultrastructural 
and immunocytochemical work that the Golgi ap- 
paratus is involved in the processing and packag- 
ing of storage proteins and lectins destined for va- 
cuoles or protein bodies (Craig .and Goodchild 
1984; Herman and Shannon 1984 a, b; Vitale and 
Chrispeels 1984; zur Nieden et al. 1984; Green- 
wood and Chrispeels 1985). Involvement of the 
Golgi apparatus in extracellular secretion of plant 
glycoproteins has been proposed by Gardiner and 
Chrispeels (1975) and Kawasaki and Sato (1979) 
on the basis of cell-fractionation experiments. 
More recent work (Akazawa and Hara-Nishimura 
1985; Mitsui et al. 1985) has shown post-transla- 
tional modification of N-linked oligosaccharides, 
of rice-scutellum a-amylase and partial inhibition 
of this by monensin, both of which are indicators 
of Golgi processing. Our immunocytochemical 
data directly demonstrate the presence of a-amy- 
lase in Golgi bodies in" GA 3 -treated barley aleu- 
rone. known to be secreting this enzyme, and 
clearly implicate the Golgi in the secretion of a- 
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amylase. Golgi bodies are commonly seen in elec- 
tron micrographs of aleurone cells (Jones 1969; 
Fernandez and Staehelin 1985). As Fernandez and 
Staehelin (1985) pointed out. Golgi bodies in aleu- 
rone are not hypertrophied like those in root-cap 
cells of maize wK'ich are secreting carbohydrate 
(Dauwalder and Whaley 1982), and this, together 
v ih an apparent lack of prominence of Golgi bod- 

compared with rough ER. may explain the lack 
of attention previously given to this organelle. 

The presence of gold labelling over all parts 
of the Golgi cisternae in the barley-aleurone cells 
and quantitative data indicating that there is con- 
centration of label over the Golgi compared with 
the rough ER. support the view that enzyme is 
transported through the entire Golgi stack and 
ihat the Golgi follows the rough ER in the secreto- 

pathway. The most probable pathway of release 
irom the Golgi is via Golgi-derived vesicles as ap- 
pears to be the case for another secreted enzyme, 
peroxidase (Ashford and Gubler 1986). Our data 
show that a-amylase is not stored prior to secretion 
in zymogen-like granules as found for a-amylase 
and other enzymes secreted from pancreatic acinar 
cells (Palade 1975). In this respect the secretory 
pathway in aleurone is most like that described 

"constitutive" in animal cells, where there is 
.nly a short delay between synthesis and secretion 
and* enzyme does not accumulate temporarily in 
the cells (Kelly 1985). The antibody used here is 
reactive towards both high- and low-isoelectric- 
point groups of a-amylase (Jacobsen and Higgins 
1982). Although we cannot eliminate the possibili- 
ty that only one type of enzyme has been detected 
in these studies, it is more likely that both are local- 
ed simultaneously by our immunocytochemistry, 
..aid therefore that the Golgi apparatus is involved 
in the secretion of both, a-amylase isoenzyme 
groups. 

In conclusion, our data show directly that Golgi 
is involved in a-amylase secretion from aleurone 
cells. These findings indicate that protein secretion 
in plants follows similar pathways to that in animal 
cells and therefore that there may be a universal 
nechanism for eukaryotes. 

■v'e gratefully acknowledge Dr. D. Spencer for the Western-blot 
analyses. We wouid also like to thank Dr. S. Craig for helpful 
advice and the Electron Microscope Units of the Universities 
of New South Wales and Sydney for providing facilities. A.E.A. 
and F.G. thank the Australian Research Grants Scheme for 
financial support. 
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.'.bstract. Further study on the localization of ab- 
■ sic acid (ABA) has been undertaken at the ultra- 
>uuctural level in Chenopodium polyspermum L. 
Axillary-bud-bearing nodes on the main axis were 
fixed with soluble l-(3-dimethylaminopropyl)-3 
ethyl carbodiimide, then postfixed with paraform- 
aldehyde and embedded in Lowicryl K4M at 
-25vC/.Ultrathin sections mounted on grids were 
successively incubated with rabbit anti-ABA anti-. 
Hodtes'arid With gold-labelled goat anti-rabbit anti- 
^dies ~ (40 nm particle size). Control sections 
' /eate'd with' preimmune rabbit serum and ABA- 
preabsorbed antibodies were devoid of label. The 
background staining was very low with this tech- 
nique: 7 Quantitative analysis of the immunolabel- 
ling r sh6vWd: that two main sites of ABA accumula- 
. tion^Quld: be defined: first, plastids in cortical cells 
■and^'-vascular.-parerichyma cells associated with 
sie\V^lements and xylem vessels; second, the cell 
■xto^^ in the axillary bud; tip and 

-"AV'-.^P^^ 11 ^^* a * : s t ra nds . In vascular bundles; the 
cambiaL cells showed no immunoreactivity. These 
observations support the hypothesis for the cyto- 
plasmi^^ ABA which is subsequently 

trap^d in plastids as cells mature. 

Rev Avords; Abscisic acid (localization) - Chenopo- 
dium ''f- Tmmunogold electron microscopy - Lowi- 
cryl'K4M. 



Introduction 

We recently initiated a series of experiments to in- 
vestigate the localization of abscisic acid (ABA) 



Abbreviations: ABA = abscisic acid: EDC = l-(3-dimethyl- 
aminopropyl)-3 ethyl carbodiimide: GAR 40 = goat anti-rabbit 
antibodies labelled with colloidal gold of particle size 40 nm: 
lsG = immunoglobulin G 



at the light-microscopic level using an indirect im- 
munoperoxidase technique and fixed tissue embed- 
ded in paraffin or in Spurr's resin (Sotta et al. 
1985). We found that, depending on the age of 
the cells, ABA is mainly localized in the meriste- 
matic cells of the slow-growing axillary bud tips 
and in plastids present in the parenchyma cells as- 
sociated with sieve elements and xylem vessels in 
the vascular strands and in the inner cortex. Tak- 
ing advantage of the recent finding that post-em- 
bedment of fixed tissues in the hydrophilic Lowi- 
cryl K4M resin and labelling with immunogold 
particles have a wide range of applications (De 
Mey 1983), we used this technique to provide fur- 
ther information on the precise location of ABA 
at the electron-microscope level. We confirm here 
that ABA is mainly trapped in plastids of the more 
differentiated parenchyma cells associated with 
phloem and xylem tissue and in the inner cortical 
cells, and more precisely show that in the early 
stages of tissue differentiation a preferential local- 
ization of antibodies is seen over the cytoplasm 
and the nuclei. 



Material and methods 

Plant material and electron microscopy. Young axillary nodes 
beneath the terminal bud. the second nodes bearing two axillary 
buds, and cotyledonary nodes and their associated buds were 
collected from normally watered plants of Chenopodium poly- 
spermum L. (see Fig. 1 in Sotta et al. 1985) and treated as pre- 
viously described. In brief, they were rapidly dropped in a 2% 
aqueous solution of water-soluble l-(3-dimethylaminopropyl)-3 
ethyl carbodiimide (EDC), an essential tissue processing which 
allows fixation of ABA in situ. As we have recently shown, 
the omission of this prefixation step led to the absence of im- 
munolabelling (see Fig. 4 in Sotta et al. 1985). The organs were 
then postfixed in buffered paraformaldehyde solution. After 
an extensive rinse in phosphate-buffered saline, they were rapid- 
ly dehydrated in an ethanol series. After the 90% ethanol rinse, 
they were infiltrated with Lowicryl K4M (Baizers Union, Paris, 
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France). Infiltration and polymerisation by UV irradiation for 

(198n e a r nd a r e ? ° Ut , aCC ° rding t0 the techni( l ue ° f R° S " al 
- 20° C a " d . Carlemalm eta '- (1982) and were performed at 
20 C. Polymensation by UV irradiation was continued at 

ut wi TZ:T 3 fUrthEr 2d U,trathin sections we 
chert Wiel a ,V£ t °" 3 Rdchert 0MU2 microtome (Rei- 
nicke. ^id? ,^1 3nd p, ' Cked "P on 150 " m «h copper or 
2 o h r r carbo "- COated 0.3% formwar films. With re- 
bv otnemh , C " ty ° f CUUing Entered by ourselves and 
and S P ^' 0g,StS (Craig and Goodchild 1 1982; Herman 
mounted on* TK^ a ** g0,d 0r silver s ™°™ ™ 
ence on the & "^T™ thdr thickness ' This had "° ^u- 
! " 8 because on| y the sectj on surface was la- 
belled, as demonstrated by Bendayan (1984). AdjSrSmt 

n ^a«ZtS ned , With EhrHch ^ Hematoxylin "were use 

ne anatomfcal v ?f * PreCiSe ' y the tisSular organization of 
me anatomically heterogeneous nodes. Sections were cut to 

atedTea7 p r Ce " S °, f ^ ^ bud ^ and ^ 
atea leat pnmord.a. vascular bundles of the stem and oaren- 

chyma cells associated with the vascular area as seen "2 . 

Immunocywcliemical procedure. Specific antibodies aeainst 
ABA were produced in rabbits and characterized as desfriS 

mS^ST 61 aL 1985; LCr0UX Ct aL I985; Maldiney 
ELISA-. ^ e> e r me - Knked immunosorbent assav 
Phaseic and d hvd™? ^ Sh ° Wn n ° cr ^s-reactivity with 
M P y r T aSe,C acids (sam P' es S iven ^ Dr Ma- 
S2 ■ dSS" ' 3ly) - A " immu noelectron-microscopv stain- 
nlL P /dT Were Carried out at room temperature. We em- 
ployed here a two-step immunocytochemical procedure All an- 
.bod.es were diluted with 0.1 M 2-amino-2 (hydroxyme hvl)- 
U-propanedto. (Tris)-HCI buffer, with 0..M NaG (TBS 
Lamhi r a,nmS n0rmai soat serum (1 m«-ml") t 0 1% 
USA? and a 0 r iT e T a r *??nji Type IV; Sigma St " Mo. 

• of antibodies to° ^'T X " 100 ,l° PreVCnt "^P^^ bindi "8 
oi antibodies to the tissues. All immunoreaeents and buffeT 

washes were freshly Millipore-filtered (0.22 urn lo e size) Grid 

mourned sect.ons were first floated section-stfe down £ 

insTn" thev dr ° P H bUfTered n0rmal § oat »«un- W thou 
Z !L 8 ;- ? T' 6 the " transf «red onto drops of anti-ABA 
antibodies for 1 or 2 h. using a dilution of 250 ue-ml " After 

Z^Z I ^ Were WaShCd SeVeral ^nges of TBS ^d 
Sd r40 n J mm ,° n a 10 " f ° ld diiuted solutio " °f «"oidaI- 

^o^t^TZ so v mi - rabbk l ~ 

Belgium^ Af . t anssen Pharmaceutica. Beerse, 

w CaTuratd lr 7 ^ TBS ' the gnds were P°st-stained 

alkaTne lid > V T*? diS "" ed W3ter f ° r 10 min and 
masl T f ° r 5 min - The counterstaining did not 

s^ted for thto ° n " denSe ( - g0ld Particies but Partially compen- 
sated for the omission of Os0 4 during the fixation step 

tv 0 r?S m C ° mr M S W£re empl0yed to estabIish the specifici- 
Lhi i 1 ( mmun °S° ,d Procedure; i) incubation with preimmune 

n C , b hI, S 0r , n ° rmai g0at IgG instead of anti-ABA So - S) 

n x« TJTbFS Th ant ] b0 , dieS PreVi ° USly ^sorbed wi"h 

s^dtmt^^ 

<j«.. EIeCtr0n m,cro S ra P hs w ere taken with a Hitachi HU 1 1 B 



microscopy of ABA with gold conjugal 



StZ °{ " ,e , hud - bea ""S nodes. The tissue arranee- 
and 2 and i s termmology follows that developed in our oreced 
■ng report (Sotta « al. .985). Thin sections through the n ode 




>,-;v ■ • ... , ...... ;-[■ * . r 



leS's 'I?" ?; UCtUral arra "g^firitioi;the,tissues in nodes at two 
hlL 0 \. Che » o P o d"»n. P'aws.' embedded . In: Lowicry! K4M 
thtck-secttoned and Erlich^Hema.pxylin-stained, Fig". 1. Sec-' 
£S, tht f 4 . a ^^ a ?slciated. axillary bud A x B 4 
second nodi P ; h ana ?W^ a #™en« is similar in th 
second node, at the median jM#oiW -plant Fie 2 Section 

^£:^ l lT Ty - n ^ UClei appear "lack. S 

f^iauons for Figs, /^^icortex; ; a = chloroplast: 

S-mifoT h } : P v : Cfel'^all:, CZ=cambial zone: 
» -mitochondrion: .V and; ^nucleus and nucleolus: P= 

axis af „«ju 0C « m b "i m v ,inkin g 'he axillary bud to the main 
xa culLr hf d, ' rv = P hloem sid ^ and xylem side of the 

- vacuo," Pr6Sent in thC St6m at n0de; i = starch 2rain; 



contain: i) the nearly quiescent meristematic cells of the bud 
Z h^V lS associated leaf primordia: ii) beneath the apex, 
Lte d nS ra, \ W, u h procambial «"» in a non-differentiated 
strand, 2,h 0 M n m . ai " aXiS ' a ZOne co "iprising vascular 
narenchvl pl ) 0em - x - vlem and ^bial zone, surrounded by 
node f Rp ^ COrtCX 3nd Pith - For the cotyledonary 

cause ,h^«' ^ ?uT Cd ° nly the Ceils of the main *™ be- 
cause the dssocated buds in the three blocks we cut were poorly 
.mpregnated by the acrylic resin, leading to bad qualitySns 
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gs. 3-4. Control and reaction specificity. Thin sections through meristematic cells from the axillary bud 4 were treated with 
, reimmune rabbit serum (Fig. 3) or with ABA-preadsorbed anti-ABA antibodies (Fig. 4) followed by the IgG-gold complex. 
Very few (arrows) gold particles, isolated or associated in pairs, are present over the different cell structures. Structural preservation 
is reasonably good. Note, however, the negative contrast of some membranes. Plasmalemma and tonoplast are not visible. Bar = 
0.5 um: x 16500 and 23 500. respectively 



Particular ABA-containing cells "were^selecied for ■observation 
at the electron-microscope level on "the basis of our previous 
study (Sotta et al. 1985). In each^category. at' least 10 sections 
from three sets of nodes were, examined:^ .V. V ' 

Quantitative analysis. Sections i n selected areas were photo gra- 
ph ied at a magnification of x 10 v 060' v T and x 16000. Printing 
of the negatives was standardized, and' triey were enlarged x 3. 
Areas on the micrographs corresponding to. cytoplasm, plastids 
and nuclei, including nucleoli. were ; measured ^ by placing a 
transparent graph paper over eacfi {enlarged photograph. The 
number of gold particles was, counted:. manually. Countings 
were done from 5—1 2 electron micrographs corresponding to 
the same number of cells if in a meristematic state and to a 
higher number for differentiated cells/ We have actually to pre- 
cise that in the fully differentiated or senescent tissues of the 
stem. i.e. at the median and basal levels of the plant, cells 
are very large and highly vacuolated. Moreover, there is a very 
low frequency of nuclei in the thin sections (Fig. 2) so that 
only a few values were obtained. Therefore, countings are given 
for information only. Furthermore, as cells enlarge, the starch 
grains became very large structures, occupying one- or two- 
thirds of the plastid stromal space. Therefore, the number of 
gold particles was counted over the entire plastid or over its 
stromal subcompartment. 

The labelling density was expressed as the number of gold 
particles per um 2 . In order to reduce the effect of varying exper- 



imental conditions on the final calculations, a set of three differ- 
ent axillary-bud-bearing nodes was processed at the same time. 



Results 

Specificity of immunogold staining 

Controls showed very low levels of a random dis- 
tribution of gold particles over sections and grid 
support films: Control sections with an essential 
reactant omitted gave appropriately negative reac- 
tions. The serial-section analysis revealed that only 
slight non-specific staining was observed when rab- 
bit preimmune serum took the place o # f the primary 
anti-ABA serum, whatever the cells observed, in 
a mature or meristematic state (Fig. 3). The label- 
ling reaction generated by the anti-ABA antibodies 
was inhibited by preincubation with the corre- 
sponding antigen in excess (pure cz\s(±)ABA, 
Figs. 4, 11, 13). All these controls produced less 
than one gold particle per |im 2 (Table 1). Further- 
more, when this very low non-specific staining was 
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Table 1 Control experiments showing labelling densities over 
the cellular compartments at three different levels of plants 
™Chenopod,um polyspermum. Values are expressed as the mean 
number of gold parncles per um'+SEM; * = the number of 
areas over which the values were obtained. Nd 4 = node 4 near 
£ tenmna. bud I : Nd 2 = node 2 in the median part of the plan 
Lod Vv</=cotyledonary node 
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Controls 



Normal rabbit 
IgG 



Preadsorbed 
anti-ABA IgG 



Nd4 
cytoplasm 
nucleus 
plastids 

Nd2 
cytoplasm 
nucleus 
plastids 

CotNd 
cytoplasm 
nucleus 
plastids 



0.3 ±0.1 (n = 6) 
0.2 + 0.1 (« = 5) 
0.3 ±0.1 (n = 6) 

0.3 ±0.2 (/i = 8) 
1.2 ±0.4 (» = 5) 
0.7±0.3 (/? = 8) 

0.2±0.1 (/i = ll) 
0.9 + 0.3 (n = 5) 
0.3 + 0.2 (>i = 9) 



0.2±0.1 (n = 7) 
0.4 ±0.2 (;i = 6) 
0.3 ±0.2 (n = 6) 

0.2 ±0.1 (n = 7) 
0.5 ±0.2 (n = 6) 
0.3 ±0.1 («=7) 



■ ? bs !™l d ' 8° ld Panicles were more often seen iso- 
lated (Figs. 3, .11, 13), rarely in pairs (Fig. 4) but 
never as clusters. Only GAR 40 showed no binding 
to tissue structures when applied directly to thin 
sections. 

Immunocytochemical labelling 

i) In the axillary buds. Figure 5 shows a portion 
ot a menstematic cell from the young bud tip In 
these small cells with their large nuclei and in which 
plastid starch grains were nearly absent, the gold 
abeihng was essentially cytoplasmic and nuclear 
When present, plastids with or without starch were 
poorly labelled (Fig. 5). In the nucleus, gold parti- 
cles were also associated with the electron-dense 
nucleolus. Occasionally, they were close to the sur- 
face of the vacuole. Mitochondria (not present in 
tig. 5) had a very low level of labelling equal to 
background. In the leaf primordia, the gold label 
was also distributed throughout the cytoplasm and 
m the nuclei but remained slight over plastids 
Most of the gold particles appeared isolated, but ' 
clusters were not rare in these cells of the apical 
tip. 1 he largest aggregates were mainly associated 
with the nucleoplasm. Therefore, they cannot be 
considered as an artifact if compared with the con- 
trols. 

In the underlying layers, procambial cells and 
closely associated cells of the inner cortex showed 
a greater morphological differentiation (Figs. 6 7) 
mstids were larger, contained some starch grains 
and were more immunoreactive. Mitochondria 



Table 2. Effects of axillary-bud maturation of Chenooodh^ 
the .mmunogold labelling of anti-ABA IgG over ™£^2 
plasuds ,„ ap.ces and procambium (pr) strands. Values a T e " d 
pressed as the mean number of gold particles per um- S pL 
n = number of observations. A x fl 4 and ^ S,!,; ? 
buds 4 and 2; ,r = procambium. Cotyledonarv buds were 2 



Levels on 
the plant 



Cytoplasm Plastids 3 



Stroma- 1 



A.\B4 
apex 
Pr 

AxB2 
apex 



8.6±1.2(* = 8) 2.4±0.2(/ 3 = 7) 2.4 + 0.2 („ = 7^ 
7.911.2(^5) 3.2 ±0.9 (^ = 5) 3.2±0.9(„ = 5) 



2.8 ±0.8(^ = 7) 
3.3 + 0.2 (* = 4) 



3.9 + 0.4 (* = 5) 7.4 + 0.8 (« = 5) 
6.8 + 0.3 (n = 3) 13.5± 1,7 („ = 3 ) 



Labelling was calculated individually for each starchv plastid 
over the entire organelle and over its stromal space ' 



Table 3. Ratio ot plastid cytoplasm distribution of immunooold 

fSr? 61 a T ABA tre ™ in axillary-bud-beari g 
nodes of Chenopodnon during their differentiation. The mean 
d stnbuuon ranos were calculated from the number of -3d 
pamcies over entire plastids and over their stromata (number . 
in Darenthesf*^ FnrnUu™,:^: ^ ,. . u aucr 



Levels 
on the 
plant 


Apex 


Procam- 
bium 


Inner 
cortex 


Parenchymal cells in 








phloem xylem 


Nd4 
Nd2 
Cot Nd 


0.3 

1.4(2.6) 


0.4 

2.1 (4.1) 


2.3(3) 

5.5(9.7) 

2.8(5.6) 


1.2(1.3) - 

2 (3.9) 2.6 (6.6) 

2.5(4.7) 8.5(13.8) 



were poorly labelled (Fig. 6), but the label re- ■■. 
mained distributed throughout the cytosol (Fi*s 6- •■ : 
7) and nuclei. - c " ■• 'f.v 

Table 2 shows that there was a twofold reduc- •; 
tion in labelling over, the cytoplasm as the bud- 
aged and a twofold increase in gold particles over 
plastids. This fact was more evident when the den- ' 
sity of gold particles over plastids was calculated 
on a stromal basis, minus the starch areas which - 
became larger in the bud branch beneath the apical- 
tip but were very rarely labelled. As seen in Ta- 
ble 3. the mean ratios of the distribution of label- 
ling between plastids and cytoplasm became 
greater than 1 as the cells matured and the buds 
aged. There was a twofold increase of these ratios 
during differentiation. During the same time, nu- 
clear staining remained relatively constant and 
showed only a downward trend as the bud ma- 
tured. Here again, the number of gold particles 
overlying mitochondria, starch grains, vacuoles 
and cell walls was negligible and showed the hiszh 
degree of specificity of the immunogold method." 
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Figs. 5-7. Immunogold localization of ABA in axillary bud 4. The thin sections were treated with anti-ABA rabbit serum (250 jag- 
mi" 1 ) followed by goat anti-rabbit gold-labelled IgG. Fig. 5. In a- meristematic cell of the bud apex, most of the gold particles 
are located over the cytosolic compartments and over the nucleus (some of which have suffered from compression), leaving 
the cell walls, vacuoles and chloroamyloplasts unlabelled. Note some clusters of gold particles especially over the nucleoplasm. 
Bar = 0.5 um; x 26500. Figs. 6, 7. Immunogold staining of differentiating cells in a grazing section of the inner cortex (Fig. 6) 
and in a procambial cell (Fig. 7), showing a cytosolic distribution of ABA while ceil walls and vacuoles are without specific 
label. Note the absence of plastids in these two thin sections. Bar = 0.5 um; x 45 000 and 33000, respectively 
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ji) In the stem. The observations and quantitative 
analysis were made in the cortex, where inner and 
outer cortical cells were analyzed separately, and 
in medullary cells. In the vascular bundles, phloem, 
cambial and xylem-parenchyma cells were studied. 

For plastids, as cells enlarged, starch grains be- 
came larger (Figs. 8, 9, 10) so that gold-grain 
c 'Lints were always estimated over their total area 
£ ! : d separately over their living subcompartments. 
Outer cortical and medullary cells were devoid of 
any gold conjugates. Xylem lignified vessels and 
sieve elements, decorated with the characteristic P- 



Table 4. Nuclear immunogold labelling in nodes and in axillary 
buds of Chenopodium during differentiation. Values are ex- 
pressed as the mean number of gold particles per |im 2 ±SE; 
; =the number of observations. For some tissues, this, number 
is low and the nuclear labelling was calculated for informa- 
.on only. For abbreviations, see Table 1 



"Levels on 


Apex 


Procam- 


Differen- 


Cambial 


the plant 


bium 


tiated cells 


cells 


Nd4 


10.8 + 1.0 


8.8^2.0 


10.8 + 2.0 


0.6 






(« = 4) 


(« = 4) 


( W = 2). 


Nd2 


7.6 + 0.9 


7.0 


7.1+2.4 


0.4 + 0.3 




(" = 4) 


(« = 2) 


(n = 4) 


(« = 3) 


ot Nd 






8.5±2.2 


0.7 + 0.4 








(« = 6) 


(/i = 4) 



protein network and P-protein bodies (Fig. 15), 
showed less than one gold particle per jam 2 and 
served as internal controls. Interestingly, cambial 
cells (Fig. 14) showed a labelling slighty higher 
than background over the cytoplasm and plastids 
in the mature buds but within the limits of specific- 
ity. By contrast, the nuclear labelling was not spe- 
cific (Table 4). The level of label in cambial cells 
was less than 1 |im~ 2 and represents the measured 
average of 16 such fields from the three sets of 
buds analysed in this study. Three major types of 
labelled cells were readily recognized along the 
main axis. Immunoreactivity which was ABA-spe- 
cific (Fig. 11) was predominantly localized over 
chloroamyloplasts of the inner cortex and in the 
phloem and xylem parenchyma cells. No specific 
label was found over mitochondria (Fig. 8). In 
these differentiated cells with their large vacuoles, 
plastids were closely pressed to the non-labelled 
cell wall. The cytoplasm appeared as a thin layer 
along the wall (Fig. 8). 

The density of gold over each plastid varied 
from one to another,, so that in some cases the 
standard errors of the means appeared high. Nev- 
ertheless, compared with the^cytosolic. labelling at 
the level of the meristem (Table 2), there was a 
twofold decrease of the cytosolic immunoreactivity 
in the nodal cells at the tip of the plant. Cytoplasm 



Table 5. Immunogold labelling after anti-ABA treatment of differentiated cells in the nodes at different levels of Chenopodium 
plants. Values are expressed as the mean number of gold particles per um : ±SEM; n = the number *q£" v areas oyer which the 
values are obtained. For abbreviations, see Table 1 ^r4}.,vV*j /' ■ 



Levels on the plant 


Inner cortex 


Phloem 

parenchyma cells 


' Xylem " '-' "S^tzf. 
parenchyma cells.;.; ') .'7^: 


Cambial cells 


Nd4 
cytoplasm 
plastids 
stroma 


4.5±U (#/ = 6) 
10.3 + 0.7 (#/ = 6) 
13.7 ±1.8 (#7 = 6) 


6.0 + 1.1 (#i = 6) 
6.9 + 1.2 (/i = 6) 
7.8±1.0 (#/ = 6) 




0l£0A (#i = 5) 

"6:3+6.2 («=5) 

0.7 + 0.4 (#i = 5) 


Nd2 
cytoplasm 
plastids 
stroma 


1.1 ±0.5 (#1=10) 
6.1 ±0.5 (#i=10) 
. 10.7±0.7 («=10) 


2.0±0.4 (#i = 4) 
3.9±0.5 (h = 3) 
7.8 + 1.1 (h = 3) 


1.1 ±0.4 (#i = 6) : ^ : fv' 

2.9 + 0.5 (n = S) ?:;S:^ 

7.2 ±1.3 (« = 5) t 


:; 1:'6± 0.4 (#/ = 3) 
^0.9 ±0.3 (#i = 3) 
5 .2 ±.0,5 (#f = 3) 


Cot Nd 
cytoplasm 
plastids 
stroma 


1.9 ±0.4 (n = 4) 
5.4 ±1.4 (/; = 5) 
10.6±2.0 (#i = 5) 


2.7 + 1.6 (#i = 4) 
6.7 ±2.0 (#j = 4) 
12.7±3.9 (#i = 4) 


1.1 ±1.0 (#i = 4) " : 
9.3 ±3.7 (#i = 4) 
15.2 ±4.0 (#i = 4) 


. l-.2±0.7 11) 
0.7 ±0.5 (#i = 8) 
1.1 ±0.5 (#i = 8) 



4 . 

Figs. 8-10. Immunogold localization of ABA in the inner cortex of the nodes at different levels of the main stem. Fig. 8. In 
the younger node (Nd4). gold particles are located over the chloroplast and the cytoplasm. Bar = 0.5um; x 43000. Fig. 9. In 
the median node (Nd2). the labelling was mainly chloroplastic but starch grains are free of label. Some gold particles (arrows) 
are seen in the cytoplasm and close to the non-labelled cell wall and vacuole. Bar = 0.5 urn; x 41 000. Fig. 10. In the cotyledonary 
node, a starchy plastid at a higher magnification shows that gold particles are distributed over the stromal space. Note the 
absence of label on starch grains and the negative contrast of the plastid envelope and its thylakoid membranes. Bar = 0.1 um; 
x 65000 

Fig. 1 1. In the same node, an ultrathin section stained with anti-ABA antibodies preadsorbed with ABA shows the specificity 
of labelling: there are only two gold particles (arrows) over the starchy plastid. Bar = 0.5 u.m; x 22000 
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labelling decreased abruptly at the level of node 
2 and remained constant downward (Table 5). This 
slight immunoreactivity was not detected at the 
ligth-microscope level (Sotta et al. 1985). When 
gold particles, isolated or associated in pairs, were 
present in the cytosol, most of them occurred adja- 
cent to the outer surface of plastids, the outer enve- 
lopes of which were not clearly resolved (Figs. 9, 
10). Gold clusters were rarely observed. The inner 
cortex became more immunolabelled than other 
parenchyma cells in the vascular bundles, except 
at the_cptyledonary level where xylem parenchyma 
appeared the most immunoreactive, as we have 
previously noted (Sotta et al. 1985). Consequently, 
the ratios of labelling between chloroamyloplasts 
and cytoplasm always became greater than 1 (Ta- 
|- ! e 3). In the stromal space, there was a great in- 
c ease of the immunoreactivity at all levels of the 
stem (Table 5). 

Another fact to be noted is the maintenance 
during cell maturation of the nuclear labelling ei- 
ther in the more meristematic cells of the bud 
apices or in the.procambial cells. As we have em- 
phasized in Material and methods, the highly dif- 
ferentiated state of the cells in the main axis did 
not allow us to estimate the gold labelling on a 
ifficient number of nuclei, but, in almost all cases, 
when observed, they were labelled as in the 
younger cells of the axillary buds (Fig. 12) and this 
labelling was specific (Fig. 13). Cambial cells were 
an exception since an average of less than one gold 
particle per \im 2 could be measured over nuclear 
areas (Fig. 14). 



Discussion 

Immunocytological techniques used in combina- 
tion with electron microscopy are of particular in- 
terest since they enable us to distinguish in anatom- 
ically complex structures, such as bud-bearing 
nodes, the cellular compartments in which ABA 
is synthetized or trapped. This investigation was 
started with a view to obtaining further informa- 
tion on ABA distribution in cells during their mat- 
uration. We have previously shown that endoge- 
nous ABA can be effectively fixed by EDC on the 



cellular protein network and detected afterwards 
by an immunoenzymatic technique at the tissular 
level (Sotta et al. 1985). Numerous controls were 
carried out on sections and on a model system. 
The validity of the technique was reinforced by 
the correlation we have presented between the in- 
crease in ABA levels and immunoreactivity in 
water-stressed plants compared with normally wa- 
tered plants. Furthermore, as apices were heavily 
immunostained, it was unlikely that a possible gra- 
dient of penetration of EDC had occurred. Here 
we show that the use of an on-grid' immunogold * 
labelling procedure, introduced by Roth et al. 
(1978), is effective on ultrathin sections of plant . 
tissues after low-temperature methacrylate embed- 
ding, and allows comparative quantitation of gold 
particles. The Lowicryl K4M embedding technique 
is not usually employed by plant cytologists to re- 
veal antigenicity (Craig and Goodchild 1982; Her- - 
man and Shannon 1984; Tomenius etal. 1983). 
Only one report is presently available on the local-, -\ '* 
ization of plant growth regulators at the electron-" ^ 
microscope level using an epoxy resin (Zavala arid^ % : 
Brandon 1983). Although the structural preservar : S%n 
tion of the tissue was not as optimal as with animalv^^^f 
tissues, it was nonetheless sufficient to localize an ■* : f \ 
antigen and render possible the observation ofi^.i:!..:: 
some fine cellular details. Plastids, mitochondria c . * 
and nuclei were well-enough preserved but mem- ■ 
branes were not well defined as compared with 
more conventional electron-microscope l^l^fii^d^ 
niques. One also notices that it was difficult -iip^^^' 
obtain good sections in lignified tissues andlh^f^^jlt 
impregnation of old meristematic cells was poqmv^S^ 
The material embedded in Lowicryl K4M shqwe^^^f^i 
a negative contrast for membranes, as recently^iKfea^ 
pointed out by Goodchild et al. (1985 a) and Shaw:%y%y^ 
and Henwood (1985), leading to difficulties in <^Sr^^rH' 
tinguishing, for instance, the chloroplast envelop^^^i 
from the adjacent cytoplasm, but thylakoids were ;^'V 
visible in more detail. The mitochondrial envelope^*; 
and inner membranes were poorly preserved and - '* 1 
the plasma membranes and tonoplast were not visi- 
ble. However, subcellular details in other compart- 
ments were remarkably well delineated despite the . . 
osmission of 0s0 4 postfixation and the mild fixa- r 
tion with paraformaldehyde following the neces- ~ 



« . 

Figs. 12-15. Immunogold labelling and control specificity in phloem and cambial cells from vascular bundles of the main stem 
at the median level (Nd2V Figs. 12-13. In a mature phloem parenchymal cell, the nucleus is more labelled than the cytosol. 
It shows some gold clusters. This labelling is specific as shown by the preadsorbed anti-ABA serum treatment (Fig. 13). Bar = 0.5 um; 
25000 and x 33000. Fig. 14. In a cambial cell, by contrast, the cytosolic and nuclear labelling was very low when the thin 
section was incubated with anti-ABA serum followed by GAR -40 complex. Gold particles are isolated or in pairs. Bar = 0.5 um; 
x 22000. Fig. 15. In a sieve element, there is no labelling on the P-protein network and the P-protein bodies. Bar = 0.5 jam; 
x 19500 
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sary carbodiimide-prefixation step (Yamamoto 
and Yasuda 1977). Cytoplasmic ribosomes were 
clearly resolved and nucleoli appeared well stained. 
These inadequacies have led some animal and 
plant physiologists to use other acrylic monomers, 
less complex than Lowicryl K4M, which lead to 
a positive immunocytochemical reaction after 
short periods in the primary antiserum and good 
membrane contrast, thus providing more precise 
localization of gold labelling in these structures. 
These LR white or LR gold resins (Craig and Mill- 
er 1984; Goodchild et al. 1985a. b; Greenwood 
and Cnspeels 1985; Harris and Croy 1985; New- 
man et al. 1983) should be tested in future investi- 
gations. However, we show here with Lowicryl 
K4M that tissue preservation is appreciably better 
in the more meristematic cells of the bud apex than 
in the highly vacuolated cells of the main axis from 
which sections suffered from compression (Craig 
and Miller 1984), 

Nevertheless, the two-step postembedding 
staining of thin sections with IgG-Gold labelling 
strengthens the findings of our previous report 
(Sotta etal. 1985) in which ABA was located by- 
means of indirect peroxidase-antiperoxidase T stamV 
mg using paraffin sections and semi-thin etchecf 
resin sections. It also provides new information 
since it allows a comparative quantitation of label- 
ling at the subcellular level. The control experi- 
ments and the internal controls we encountered 
clearly show that the labelling is not an artifact 
arising from the non-specific binding of antibodies 
to the tissue sections. Positive cells were scattered . 
among negative cells and a good number of dually Z 
aged cells by experiment gave the same labelling; 
No appreciable labelling was found associat^WiSv^s 
cell walls, mitochondria, vacuoles, and V-pMeini^ 
in the sieve tubes and starch grains. There 'was ; 
an almost complete absence of gold particleV^m'-'.. 
the outer cortical cells, and in cambial and medtli-" 
lary cells. Preadsorbed ABA antibodies, which 
constitute an essential control for determinifig-the 
specificity of the immunolabelling, produced less 
than one gold particle per (am 2 over cytoplasm, 
nuclei and plastids. 

Comparing the location of ABA in axillarv- 
bud-bearing nodes of different ages, we demon- 
strate here unambiguously that ABA is heteroge- 
neously distributed within these organs. Age-de- 
pendant specific cell layers and specific organelles 
contain the plant growth regulator. In mature tis- 
sues of the main axis, ABA is mainly sequestered 
into chloroamyloplasts present in vascular paren- 
chyma cells and cortical cells at the immediate vi- 
cinity of the phloem bundles. Similar labelling was 
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not observed in other cell types: medullary and 
external cortical cells, epidermal cells, xylem ve$. 
sels and cambial cells. In younger cells, in a non- 
specialized state, belonging to the apical tip and 
its newly formed leaf primordia, as in the underk. 
ing procambial strands, ABA is found in the cyto- 
plasm and in the nucleus. Plastids show here poor 
labelling. Cytosolic ABA declines with time in old- 
er buds. In the younger apices, it was repeatedly 
found that 75% and 25% of the immunoreactivity 
occurred within the cytoplasm and plastids respec- 
tively. At later stages of differentiation, these 
values were reversed. The marked decrease in cyto- 
plasmic immunoreactivity was associated with a 
marked increase in plastid immunoreactivity. As 
cells enlarge, the increase in size of the amyloplasts 
parallels the development of the starch grains, so 
that the number of gold particles found in the stro- 
mal space provides a better estimation. These latter 
data indicate that the cytosolic localization of ABA 
declines with time in older buds, and plastids 
clearly increase their ability to accumulate or syn- 
thesize ABA. This heterogeneous age-dependant 
' distribution of ABA may be related to* different 
c fllular sites of ABA synthesis or sequestration, 
in agreement with the. biochemical observations 
and experiments with radioactive ABA. As sug- 
; gested by previous workers; chloroplasts would be 
the site of ABA synthesis (Milborrow 1979; Zee- 
vaart 1977). This view was criticized by Walton 
(1980). According to Hartung etal. (1981), 90% 
- :; of the total ABA present in leaves is located within 
■the chloroplasts after being biosynthetized in cyto- 
■ -plasm. Our study provides ultrastructural evidence 
-= to support the concept of two ABA accumulation 
^ites depending on the age of the cells. It may be 
Related to the possible ABA syhthesis in cytoplasm 
* and further trapping in plastids as the cells mature 
.(Cowan et al. 1982). 

The present data show that considerable anti- 
genicity within the meristematic cells of the bud, 
whatever its age, and within some-mature cells of 
the stem, except cambial cells, is also associated 
with the nucleus. The nuclear staining is evident 
in this study. In our previous report, only a slight 
immunoreactivity was found in the nuclei of the 
bud apex. A comparison of the results obtained 
in these two studies indicates that the immunoreac- 
tivity may be related to the methods used. The 
procedure using Lowicryl K4M at low tempera- 
ture, compared with that used previously (conven- 
tional embedment in paraffin or in Spurr's resin 
at high temperature), seems to be a better way 
to preserve the antigenicity of some cellular com- 
partments. The meaning of the nuclear localization 
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is at present unclear. It also remains to be estab- 
lished why it did not occur in cambial cells; when 
observed, the number of gold particles was within 
the range of background level. Although the mo- 
lecular mechanism of plant hormones is not under- 
stood, ABA may act by affecting the synthesis of 
certain mRNAs and proteins. -It has been proposed 
i gently that ABA regulates at the translational 
l:.vel in germinating seeds (Rodriguez et al. 1985). 

Many questions arise from these observations. 
Thus, more studies are now needed to explain the 
mechanism of deposition of ABA within cells at 
different times.. 

In conclusion, immunogold techniques using 
electron-microscopy are to be preferred when esti- 
mating very small concentrations of reaction prod- 
ucts, as we have shown for cytosolic labelling with- 
.i differentiated cells. Furthermore, no correction 
for section thickness must be made in such analyses 
whereas in thick sections there is the problem of 
accessibility of antibodies. These techniques ap- 
peared promising for a detailed in-situ localization 
of other plant regulators against which antibodies 
are produced. 

We are indebted to Dr. Mapelli for the generous gift of PA 
nd DPA. The assistance of Y. Habricouin the preparation 
" ( the manuscript is gratefully acknowledged. We are grateful 
to Drs.'Ferrand and Vaudois for allowing us use of the electron 
microscope. 
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Summary. The ultrastructural localization of immunoglobulin heavy and light 
chains has been investigated in nine haematopoietic cell lines, using a technique 
which involves the treatment of lightly prefixed cells with saponin to allow 
penetration of the antibody-peroxidase conjugateVThe synthesis and secretion of 
immunoglobulin was also studied in these eell lines.— . 

Immunoglobulin was found to be localized in the cisternae and on the 
membranes of the rough endoplasmic reticulum, perinuclear space and/or Golgi 
apparatus. In each case staining for heavy chains was weak or absent in the 
perinuclear space while staining for light chains was usually strong. Additionally in 
three cell lines immunoperoxidase staining; indicated that heavy chains were absent 
from the Golgi apparatus despite the ohse'rved^pre'sence of light chains in the Golgi 
apparatus and the secretion of combined immunoglpbulin into the supernatant. The 
results obtained suggest compartmentaiiiz^tion >of the synthesis of light and heavy 
chains, and indicate that the technique" of immunoelectron microscopy may 
significantly contribute to an understanding of the mechanisms involved in 
immunoglobulin synthesis, intracellular transport- and secretion. 

Human cell lines derived from normal or neoplastic-lymphoid cells have been classified into 
four groups, lymphoblastoid, lymphoma, lymphoid and myeloma on the basis of cell source, 
morphology and functional parameters (Nilsson & Ponten, 1975). Although lymphoid T cell 
lines have been described (Minowada et al ]972). the majority of haematopoietic cell lines 
are B cell in origin and synthesize immunoglobulin (Finegold ei al 1968). 

Recent evidence suggests that B cell lines from lymphoid tissue sources are heterogenous 

Correspondence: Dr D. G. Newell, Department of Haematology. Faculty of Medicine, Southampton 
General Hospital. Southampton S09 4XY. 
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in terms of size, morphology, function and expression of immunoglobulin and other surface 5 
markers (Nilsson & Ponten. 1975; Gordon etal 1978). These B lymphocyte populations may 
represent cells at different stages in the maturation of the B cell from pre-B lymphocytes to 
immunoglobulin secreting plasma cells. Lymphoid cell lines therefore may be used as models , 
of normal B cell function and differentiation especially with regard to immunoglobulin 
synthesis, expression and secretion. 

Biochemical investigations on immunoglobulin synthesis have indicated that heavy and 
light chains are synthesized on separate membrane bound ribosomes (Uhr. 1970) and 
sequestered into the cisternae of the rough endoplasmic reticulum (RER) from which they are 
transported into the smooth membranes of the Golgi apparatus (Zagury el al 1970). The 
combination of light chains, from a free pool in the cisternae. with heavy chains still attached 
to the ribosomes may or may not be a prerequisite for heavy chain release (Vassalli et al 
1971). The intracellular transport of immunoglobulin from the RER through the Golgi 
cisternae is accompanied by the stepwise addition of carbohydrate moieties which is 
completed just prior to. or at the time of, secretion into the supernatant (Choi et al 1971; 
Melchers & Andersson, 1974). 

Previous attempts to visualize the cellular processes involved in immunoglobulin : > 
synthesis, intracellular transport and secretion or surface expression have been severely | 
- restricted by inadequate morphological preservation, poor conjugate penetration or lack of | 
: Trhhiun6globulin class specificity of the labelled antibodies used. The mechanisms involved | 
^ v are therefore still obscure, especially in those cells containing small amounts of immuno- | 
globulin which are preferentially incorporated into the membrane rather than secreted. | 
During this investigation we have utilized a technique recently developed to observe the || 
ultrastructural localization of immunoglobulin in nine human lymphoid cell lines (Newell et § 
aUi 1 980) and correlated this information with the immunoglobulin biosynthesis determined || 
ivby' thenncorporation of 3 H-leucine. The results obtained suggest that marked differences in | 
v;the -distribution of heavy and lightchains exist in these cell lines. The relationships between | 
f, these differences, the cell source and state of maturation is discussed. 

MATERIALS AND METHODS 

<v Cell lines. Cell lines Jijoye and EB2 were purchased from Flow Laboratories (Irvine, 
^Scotland). Cell line U266BL was kindly provided by Dr K. Nilsson (Uppsala, Sweden). The 
origin and characteristics of cell lines Karpas 160, Karpas 119 and Karpas 129 have been 
-described previously (Gordon et al 1977). Cell lines .Karpas 328 and Karpas 427 were 
established from a chronic myeloid leukaemia and acute myeloid leukaemia respectively and 
have been in culture for over 24 months. All cell lines were cultured in RPMI 1640 
(Biocult-Gibco Ltd) with 10% fetal calf serum (Sera Labs Ltd) containing 50 units benzyl 
penicillin/ml and 10 mg/ml streptomycin and harvested 24 h after splitting whilst in the log 
phase of growth. 



Immunoglobulin expression 

Immunofluorescence. Cell suspensions were stained with fluorescein conjugated rabbit or 
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sheep antiserum to human immunoglobulin heavy and light chains. Cytocentrifuged cell 
preparations were fixed in methanol and washed in saline before staining with these antisera 
by the direct method. The fluorescein-labelled preparations were examined using a Leitz 
Orthoplan microscope fitted with a HB 200 mercury vapour Ploem illuminator. 

'Electron microscopic immunoperoxidase. Non-viable cells were firstly removed on a 
Ficoll/Triosil gradient. Viable cells were then lightly fixed in 0-1% glutaraldehyde in 0-1 m 
Sorenson's phosphate buffer. pH 7-2. for 15 min at room temperature. The fixed cells were 
then treated with 1% saponin (Sigma Chemical Co. Ltd) for 10 min at 55°C. After washing, 
aliquots of cells (] I x .1 0 7 cells) were incubated for ] h with 100 jApt 10 mg/ml affinity purified 
sheep anti-human immunoglobulin conjugated to horse radish peroxidase by the two-step 
glutaraldehyde method (Avrameas & Ternyck. .1971). (Control conjugates were also 
prepared using normal sheep IgG.) The cells were washed to remove unbound conjugate and 
the peroxidase developed using the diaminobenzidene substrate of Graham & Karnovsky 
(1966). The cells were then post-fixed in ]% glutaraldehyde. ()•] m Sorenson's phosphate 
buffer. pH 7-2.15 min at room temperature, followed by 1 % osmic acid in Palade's buffer, for 
30 min at room temperature. The stained cells were embedded in 2% agar before embedding 
in Spurr resin. Ultra-thin sections were cut using glass knives and viewed on a Phillips 201 
TKM at 40 kV. v: ' ..' 

Immunoglobulin biosifnthctk studies. The amount and class of immun&gyobulih synthe- 
sized by the cells over an 18 h culture period was determined by;|h?Ji^%'r>tioh of 
•i-|4.5-'H]leucine followed by immunoprecipitation according to the methocf of Gordon et al 
(1977). The immunoglobulin synthesized was also characterized using.SpS-p r dlyacrylamide 
gel electrophoresis. Specific antisera to labelled immunoglobulin light. chain and heavy chain 
classes were raised in sheep and prepared by affinity purification and absorption/Specificity 
was checked by the ability to precipitate myeloma proteins of a single heavy : or light chain 
class exclusively. Anti-free light chain antibodies retained no .acttyr^dF'cdhiSined 
immunoglobulin. ' Z'&f#<^iPf r ^ : y : 



RESULTS .. .-^t^ 

Immunofluorescence data 

Table I shows that all cell lines except Raji stained for surface immunoglobulin using, direct 
immunofluorescence with FITC labelled antisera. When present the inbacejjular Ig class 
always correlated with that of the surface. Intracellular Ig was detected^by^mmunofluores- 
cence in six out of nine cell lines and the intensity and proportion of staining varied 
considerably between cell lines. Cell line Karpas 427 expressed both k and /-light chains and 
was riot considered to be monoclonal. 

Synthesis data 

All cell lines were studied for Ig synthesis (Table II). Ig production is expressed as a percentage 
of the total protein synthesized in the lysate and supernatant. The lg secreted into the 
supernatant is expressed as a percentage of the total Ig produced. In all cases the Ig class 



THIS PAGE BLAHK (uspto) 



448 



D. G. Newell et al 



Table I. Lymphoid cell lines: origin and Ig expression 



Cell line 



Ig expression* 



Original 
disorder EBV 



Slg 



Iclg 



Raji 


BL 


+ 


0 


0 


Jijoye 


BL 


+ 


0 


0 


EB2 


BL 


+ 


iooga 


30 GA 


Karpas 129 


AML 


+ 


100 Gk 


0 


Karpas 119 


AML 


+ 


60 MA 


60 MA 


Karpas 328 


CML 


+ 


47 Ak 


30 Ak 


Karpas 1 60 


ALL 


+ 


1 00 MDA 


20 MA 


Karpas 427 


AML 


+ 


4] Mk(A) 


65 MM A) 


U266BL 


Myeloma 




1 6 EA 


30 RA 



SIg = surface immunoglobulin; Iclg = intracellular im- 
munoglobulin; BL = Burkitt's lymphoma; AML = acute 
myeloblasts leukaemia; CML -chronic myelocytic leuk- 
aemia; ALL = acute lymphoblastic leukaemia. 

: .... positive by immunofluorescence; 



Table II. Immunoglobulin synthesis by cell lines 





Ig synthesized 


Ig secreted 


LCf sup 


LCfLys 




Cell line 


. .(% total protein) 


(% total Ig) 


(% Ig sup) 


(% Ig Lys) 


Ig class 


Raji ' ; 




0 


.0 


0 


0 


Jijoye 


■■- ■ 1-4 


45 


70 


90 


K 


EB2 


±V:'-:-. 1-4. - 


65 


10 


28 


GA 


Karpas 129 


. 0-6 


45 


71 


ND 


Gk 


Karpas 119 


. 2-0 


41 


41 


24 


MA (D) 


Karpas 328 


2-6 


55 


20 


0 


Ak . 


Karpas 160 


•, : ; 1-0 


15 


0 


30 


MA (D) 


Karpas 427 




54 


22/ 11k 


ND 


G (M) A (k 


U266BL 




57 


48 ,, 


ND 


EA 



LCf=Ig precipitated with anti free light chain antibodies; lg = Ig precipitated with anti 
Fab v antibodies; Lys = lysate; sup = supernatant. 



produced was consistent with the fluorescence data. In the cases of Raji and U266BL the 
lysates and supernatants were analysed by polyacrylamide gel electrophoresis and these gel 
analyses confirmed the synthesis studies. Free light chain production was detected using 
anti-free light chain antibodies and was expressed as the percentage of the total material 
precipitated by the anti Fab y in the supernatant or lysate. 
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Immunoperoxidase localization oflg 

The class oflg located intracellular^ in these cell lines correlated with the immunofluores- 
cent and/or biosynthesis data except in Raji where k light chains were detected by 
immunoperoxidase but not biosynthetically and in Karpas 129 where no G heavy chains 
were detected (Table III) by immunoperoxidase. 

Table III. Percentage of cells staining for Ig and the intensity of staining in cell lines 



Heavy chain Light chain 





Class 


% +ve 


PNS 


RER 


Golgi 


Class 


/() 


PNS 


RER 


Golgi 


Raji 


M 


50 


± 


+ 




K 


30 


± 


± 




Jijoyc 


0 


0 








K 


50 


+ 


+ 


+ 


EB2 


G 


50 


± 


+ 


+ 


/. 


90 


+ 


+ 


+ 


Karpas 129 


0 


0 








K 


75 


± 


+ 


± 


Karpas 119 


M 


40 


± 


+ 




/. 


70 


+ 


+ 


+ 


Karpas 328 


A 


29 


+ 


+ 




K 


55 


+ 


+ 


+ 


Karpas 160 


M 


45 




+ 


+ 


k 


95 


+ 


+ 


+ 


Karpas 427 


M 


8 




± 




K(k) 


63(3.1) 


+ 


+ 


■ + 


U266BL 


E 


ND 








X 


55 


+ 


+ 


+ 



Staining occurred in the cisternae and/or the membranes of the RER and of the 
perinuclear space and in the area of the Golgi apparatus. Staining localization and intensity 
varied considerably both between cell lines and within cell lines. In cell lines Karpas 129, 
Karpas 119. Karpas 160 and Karpas 328 at least 50 cells were observed and the staining 
pattern and intensity noted (Table IV). No attempt was made to correlate localization with 
cell cycle but mitotic figures showed some staining in RER strands. Staining of surface 
immunoglobulin (slg) is not observed using this technique probably because slg is wholly or 
partially removed by the saponin treatment (Newell el al. 1980). 

Perinuclear space 

Staining for heavy chains in the perinuclear space was. in all cases except Karpas 328, weak 
or absent. Conversely, the staining for light chains was usually strong, sometimes being 
patchy or localized in a small area (Figs 1 and 2). The staining in the PNS frequently showed 
the contiguous nature of the PNS and RER cisternae. 

Rough endoplasmic reticulum 

Usually both heavy and light chains were demonstrable in the RER. The patterns of RER 
distribution were strikingly different in some cells when stained, i.e. Karpas 328 consisted of 
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Table IV. Percentage distribution and intensity of staining for immuno- 
globulin 



Staining intensity 





Ig 




PNS 






Golgi 






RER 
























Cell line 


class 


+ 


± 




+ 


± 




+ 


± 




Karpas 129 


K 


46 


9 


43 


25 


20 


54 


64 


29 


6 


Karpas 119 


k 


74 


19 


8 


71 


19 


9 


82 


14 


2 






20 


24 


56 


5 


0 


95 


38 


61 


4 


Karpas 1 60 


k 


57 


26 


16 


54 


] 1 


34 


88 


11 


0 






0 


0 


100 


14 


23 


63 


72 


27 


0 


Karpas 328 


K 


48 


48 


3 


11 


33 


55 


52 


41 


5 




A 


76 


15 


8 


0 


0 


100 


78 


16 


5 



large rings of stain apparently enclosing areas of cytpplasm (Fig 3a), EB2 had long strands 
forming an interconnecting network (Fig 2a) and U2^6BL showed small vesicles of stain 
throughout the cytoplasm (Fig 4). Frequently the stained strands of RER ran up to and 
appeared to merge with the cell membrane and in : tI266BL the stain vesicles were seen 
around the periphery of the cell occasionally located at one end of the cell only (Fig 4). 

In those cell lines showing morphological evidence for surface projections., positive 
staining could be associated with these projections intone line only (U266BL). In Karpas 160 
surface protuberances were observed containing peroxidase activity associated with strands v 
of RER (Fig 5). In some cell lines not all the RER was Stained (Karpas 328, Fig 3). This did not 
appear to be associated with any particular location within the cell and was therefore not 



1 



considered to be the result of inadequate conjugate penetration. ' ' g 

In Raji (Fig 6) and Karpas 160 staining appeared tb; be preferentially located along the 
membranes of the RER rather than intracistemal, gr6ducing a tram-line effect; Similar 
staining was seen along the PNS membranes in ..thesg^epll lines. Karpas 328 and U266BL 
conversely had heavy staining throughout the RER • eisternae while the rest of the cells 
showed varying degrees of cisternal and membraneous-staining. 



Golgi apparatus 

Staining was not always associated with the Golgi apparatus, even in cell lines which were 
actively secreting immunoglobulin. In three cell lines, Karpas 119. Karpas 427 and Karpas 
328 (Fig 3), an asynchrony between the light chain and heavy chain localization in the Golgi 
was observed. In these cell lines very weak or negligible staining was observed in the Golgi 
apparatus with anti-heavy chain conjugates, whilst the anti-light chain conjugates produced 
relatively strong staining. When present, the staining in the Golgi area was frequently diffuse 
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Fig 1. Cells from cell line Karpas 160 labelled (a) for M heavy chain and (b) / light chain. Note the 
absence of staining for immunoglobulin M in the perinuclear space compared with the presence of /. 
chains, (a) x 12 000; (b) x 1 1 500. 
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Fig 3. Cells from cell line Karpas 328 labelled (a) for A heavy chain and (b) / light chain. Note the 
absence of immunoglobulin A in the Golgi apparatus (G ) while the staining for A chains is quite strong, 
(a) x 12 600; (b) 14 000. 
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Fig 4. Cell line U266BL stained for X light chains showing the presence of small vesicles of RER 
containing stained material in the cytoplasm and similar vesicles apparently being secreted from the cell 
(|). x9500. 

rather than located specifically in the vacuoles. In some cases the stain was obviously 
localized on the membranes, whilst in others it filled the; vacuoles. 

; - DISCUSSION 

The localization oflg in nine cell lines has been investigated. In each case the monoclonality . 
found by. TEM-immunoperoxidase corresponded with that "obtained by immunofluorescence 
and J H-leucirie incorporation. In one case (Raji) k light chains were detected ultrastructur- 
ally but not-by the biosynthetic technique. This staining was monoclonal and restricted to the 
cisternae of the PNS and RER. The expression of k light chains by Raji cells has been 
previously indicated (Takahashi et al 1969; Klein et al 1977) although some Raji cell line 
cultures express A light chains (Preud'homme et al 1978). The presence of k light chains 
detected by the TEM-immunoperoxidase technique and not the 3 H-leucine incorporation 
may be explained by an increased sensitivity and/or a slow rate of biosynthesis. 

In cell line Karpas 129 the y heavy chains detected biosynthetically were not localized by 
TEM-immunoperoxidase. It is possible that the anti y conjugate was not as efficient as the 
other conjugates although it successfully detected y heavy chains in the EB2 cell line. 
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Fig 5. Cell line Karpas 1 60 stained for k light chains showing surface protuberances with strands of RER 
containing stained material (|). x 18 000. 

In all the cell lines studied the intracellular Fg was restricted to the cisternae and 
membranes of the PNS and RER and the^afea of the Golgi apparatus. This distribution is 
consistent with the synthesis of immunoglobulin on membrane bound ribosome:s which has 
previously been demonstrated by Uhr .(1970). However, recent reports suggest tbjat some 
synthesis on free polyribosomes is possible (Omori et ah 1977) and the presence of 
immunoperoxidase staining for immunoglobulin on cytoplasmic ribosomes has been 
reported in several cell lines (Raji and T5I) (Preud^homme etai, 1978). Diffuse staining when 
found during our investigations was invariably non-monoclonal and was;therefore 
considered to be artefactual and probably\dtie to cell degeneration (Tsunoda ef a/;;1978). 
Occasionally diffuse staining appeared in cytoplasmic .areas around heavily stained RER or 
Golgi apparatus and this was considered to be a result of diffusion of the reaction product prior 
to post fixation. 

The considerable variation observed in the intensity and patterns of staining within the 
cell lines may, in part, be due to cell cycle related changes in Ig synthesis. Biochemical 
analysis of synchronous lymphoid cells indicate that both Ig synthesis and secretion are 
related to the cell cycle and peak in late Gl and early S phase (Buell & Fahey, 1969; Lerner & 
Hodge, 1971) with a possible second peak in G2 phase (Watanabe et ah 1972). Such 
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Fig 6. Cells from the cell line Raji stained (a) for M heavy chains and (b) for A light chains. Note the 
localization of strain along the membranes of the RER rather than intracisternal. (a) x 10 000; (b) 
x9800. 
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ted in differences in Ig distributio^^nd intensity within 
the cell. Although biochemical analysis has shown that Ig synthesis is minimal in 
M phase, RER cisternae containing Ig stained with peroxidase were found in cells in active 
mitosis. 

One of the most striking results of this study is the apparent differences in localization 
between heavy and light chains. In most cases the heavy chain was absent, or much reduced, 
in the PNS while the staining for light chain was strong. Similar patterns have been observed 
in preliminary studies on chronic lymphocytic leukaemic cells (CLL). In studies using 
peroxidase as the immunogen, marker cells showing antibody preferentially in the PNS were 
termed primitive cells (Leduc et al 1968). Anti-peroxidase antibody in this case presumably 
comprised complete immunoglobulin not light chain only, but it does further suggest that 
movement of antibody production from the perinuclear cisternae to the cytoplasmic 
membrane bound ribosomes accompanies lymphocyte differentiation into plasma cells. The 
preferential localization of light chain in the PNS, in most of the cell lines investigated, 
suggests that light chain synthesis occurs primarily in the PNS and that free light chain, 
sequestered in the cisternae, is transported to the sites of heavy chain synthesis in the RER. 
This may well be related to the presence of excess free light chains in immature lymphoid cells 
(Gordon et al 1 978; Gordon & Smith, ] 978). Furthermore, CLL cells stimulated by pokeweed 
mitogen undergo a change from light chain excess to balanced heavy and light chain 
secretion, which is accompanied by a concomitant observation of heavy ; chains in the 
perinuclear space and Golgi apparatus (Newell, unpublished obse^atipn):- - 

Heavy and light chains have been shown to be synthesized on polyribosomes of different 
molecular weights (i.e. on separate ribosomes) (Uhr, 1970) and our observations indicate 
that such synthesis is also compartmentalized. Such compartmentalization may be involved 
in the regulation of synthesis and prevention of premature polymerization. 

Differences in heavy and light chain distribution in the Golgi apparatus were also noted in 
three cell lines, which was inconsistent with the secretion of combined antibody into the 
supernatant by these cell lines. Biochemical and autoradiographic analysis of Ig intracellular 
transport and secretion has indicated that the passage of newly Torrried "Ig through the 
smooth membranes of the Golgi apparatus es accompanied by ~ the 5 addition of terminal 
carbohydrate moieties and is probably a prerequisite for secretion (Zagury et :al 1970; Choi et 
al 1971). In some early studies localization of immunoglobulin in : the Golgi could not be 
detected (Suzuki et al 1970) but this may have been due to poor conjugate penetration. In 
our studies the presence of light chain, but not heavy chain, in the Gdlgi apparatus appears to 
be closely associated with the secretion of free light chains. Combined immunoglobulin may 
have been undetectable in the Golgi apparatus either because of secretion via another route 
such as clasmatosis (Thiery, 1960) or diffusion to the plasma membrane (Leduc et al 1968) 
or extremely rapid passage through the smooth endoplasmic reticulum. 

No conclusive evidence for the mechanism of immunoglobulin secretion in these cell lines 
was obtained. In most cases runs of RER containing immunoglobulin appeared to merge with 
the plasma membrane and occasionally these strands were found in surface protuberances. 
In the case of the myeloma cell line U266BL, small vesicles of stained material appeared to be 
released from the cell surface. It is therefore most likely that several mechanisms for 
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immunoglobulin release exist within the same cell dependent probably on the immunoglobu- 
lin involved and the state of maturation of the cell. 

The localization of immunoglobulin on the membranes and/or in the cisternae of the RER 
suggests that some association between intracellular localization of immunoglobulin and 
surface expression or secretion may exist. Preliminary investigations on CLL cells expressing 
surface immunoglobulin without secretion, indicate that the intracellular location of 
immunoglobulin on membranes is concomitant with surface membrane expression. It is 
therefore likely that the integration of immunoglobulin into membranes takes place at or 
about the time of synthesis. 
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Communicated by K. Rajewsky 

Idiotope Ac38, a V region determinant of the XI chain- 
bearing, germ fine encoded antibody Bl-8, is expressed at 
high frequency (~ 1/40) in XI chain-bearing B cells. Here, we 
describe the isolation of lambda-positive hybridomas from ' 
C57BL/6 mice which had been immunized with antibody 
Ac38, the antibody recognizing idiotope Ac38. In Northern 
blot analysis, mRNA isolated from 10 such hybridomas 
hybridizes with a cDNA probe from the V H gene expressed in 
the cell line Bl-8. Amino acid sequence analysis of the Vh 
regions of four of the hybridoma proteins reveals that they 
are all derived from related, though distinct, germ line Vh 
genes. In one case the sequence data suggest that extensive 
somatic mutation has taken place. Only one of the four se- 
quences derives from the same V H gene that is expressed in 
the ceil line Bl-8. Together with earlier evidence, the present 
data demonstrate that the Ac38 idiotope is a marker for at 
least five V H and three D region genes in the C57BL/6 germ 
line. This explains the high frequency at which this idiotope is 
expressed in the B cell population. In addition, our sequence 
determinations identify two V H genes in the C57BL/6 strain 
which are closely related (and possibly allelic-)' to two known 
BALB/c Vh genes. One of these genes is the gene expressed 
in the BALB/c myeloma MOPC 104E. ; ■ s } : 
Key words: V H gene/hybridomas/B lymphocytes/idiotope 
expression . - y - V 

Introduction . „ , ! . , . 

Antibodies can interact with each other through: variable (V) 
region determinants (idiotopes). It is clear ^frorn - previous 
work that genetic polymorphism exists/^at ; the, level of 
idiotopes and reflects polymorphism of -annbdSy structural 
genes in the germ line. It has also been shown 4hat, idiotopes 
often depend upon the contribution of both the V L and the 
V H region, and that distinct portions of a given chain [e.g., 
the second and third complementary determining region 
(CDR) in the case of the heavy chain] may together be involv- 
ed in the construction of a particular idiotope (reviewed by 
Rajewsky and Takemori, 1983). The genetic basis of idiotope 
expression is thus complex, and the frequency at which an 
idiotope is expressed in the B cell population may depend to a 
large extent upon the multiplicity of genetic elements (V, D 
and J regions) that can participate in the control of V regions 
expressing that idiotope. 

In previous work (Reth et aL, 1979; Rajewsky et aL, 1981) 
a set of distinct determinants (idiotopes) was denned by 
monoclonal anti-idiotope antibodies on the V region of 



antibody Bl-8. Antibody Bl-8 is of C57BL/6 origin and ex- 
presses a germ line-encoded V region (Both well et aL, 1981, 

1982) with specificity for the hapten (4-hydroxy-3-nitro- 
phenyl)acetyl (NP). The expression of some of the Bl-8 
idiotopes which are regularly detected on a fraction of the 
anti-NP antibodies produced in C57BL/6 mice upon im- 
munization with NP was analyzed at the level of the B cell 
population by limiting dilution analysis (Takemori et aL, 
1982; Nishikawa et aL, 1983). One of the idiotopes, namely 
idiotope Ac38, was found in the B cell population at a fre- 
quency of -1 x 10~ 3 . Since idiotope Ac38 is expressed 
almost exclusively on antibodies bearing XI chains (Tesch et 
aL, 1983; C.Kappen, M.Reth and K.Rajewsky, in prepara- 
tion) and B cells expressing XI chains represent only a few 
percent of all B cells (Takemori and Rajewsky, 1981) this im- 
plies that approximately every 40th XI -bearing B cell ex- 
presses idiotope Ac38. Only one out of 10 of these cells syn- 
thesizes an antibody with specificity for the NP hapten 
(Takemori et aL, 1982; Nishikawa et aL, 1983; Tesch et aL, 

1983) . The high frequency of Ac38 idiotope expression is also 
found in B lymphocytes maturing from bone marrow pre-B 
cells in vitro (Nishikawa et aL, 1983). Therefore, the high fre- 
quency of Ac38 expression is probably not due to selection of 
the corresponding cells after their generation in the bone mar- 
row. Are certain V, D and J segments preferentially recom- 
bined or is the Ac38 idiotope expressed by V regions encoded 
by a variety of V, D and J segments? 

Most XI chains of murine antibodies express the same germ 
line-encoded variable region (Weigert and Riblet, 1976). This 
variable region is compatible with, but not sufficient for, the 
expression of idiotope Ac38, since the idiotope is not express- 
ed by . a variety of antibodies carrying germ line-encoded XI 
chains (see Rajewsky and Takemori, 1983). The high fre- 
quency of cells bearing antibodies with both XI chains and the 
Ac38 idiotope can therefore be understood by analyzing only 
the heavy chain variable regions of such antibodies. 

Here we analyze the structural basis of Ac38 expression by 
sequencing the VDJ regions of four hybridoma proteins ob- 
tained from an immunization of C57BL/6 mice with the anti- 
idiotope antibody which recognizes idiotope Ac38. Such an 
immunization leads to the activation of Ac38-bearing B cells 
irrespective of their antigen binding specificity (Takemori et 
al.,. 1982; Tesch et aL, 1983). The resulting Ac38-positive 
hybridomas are thus in the majority unreactive with the NP 
hapten. We have selected for the present study three 
hybridomas of the latter type and one which expresses NP 
binding specificity. Our results show that all four proteins ex- 
press different V H and D regions and that the V H region of 
the NP-binding antibody corresponds to the germ line V H 
gene which has previously been found to control a major 
fraction of the primary anti-NP response in C57BL/6 mice 
(Both well et aL, 1981; see also Rajewsky and Takemori, 
1983). 
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Table I. Lambda i chain-bearing hybridomas induced by ami-idiotope Ac38 



Hybridoma Fusion 
line no. 



Heavy 
chain 



Binding to anti-idiotope antibody 2 



Binding to NIP a 



Ac38 



Acl46 



As79 



A6-24 



A25-9 



A39-40 



A3 1 -90 



251.5 
8.4 
103.10 
141.3 
205.12 
214.8 
225.4 
260.2 
303.20 



5 

6 

7a 

7a 

7a 

7b 

7b 

7b 

7b 

7b 



7l 
7l 
7l 
Tl 
7l 
y2b 

7l 
7l 
7l 



+ * 1 

+ 

+ 

+ 

± 

± 

+ 
+ 
+ 



+ 
± 
± 



a Binding was determined on plastic plates coated with one of the various anti-idiotope antibodies or NIP M -BSA. 

+ : indicates that plateau binding was >75^o of that observed with the control antibody Bl-8 (in the case of antibody 8.4 binding to the anti-idiotope anti- 
body Ac38 the value was 50%). 

± : plateau binding 20-30*70 of that observed with antibody Bl-8. 



- : maximal binding < 10% of the Bl-8 control. 
Results 

Production of Ac38-positive hybridoma cell lines 
Spleen cells from C57BL/6 mice which had been immunized 
with Ac38-KLH, as described in Materials and methods, were 
fused to X63.Ag8.653 myeloma cells. After dilution and 
growth in microtiter wells, supernatants were screened in a 
' plastic plate radioimmunoassay for XI -positive antibodies 
u r which could bind to antibody Ac38. We selected XI -positive 
: antibodies because we wanted to examine idiotope Ac38- 
'bearing antibodies as opposed to, antibody Ac38-recognizing 
antibodies (anti -anti-idiotope antibody). Since >95°?o of all 
jnurine antibodies bear x light chains (Takemori and Ra- 
^^kky, 1981), we would expect most anti-anti-idiotopic anti- 
^Ries to be x-positive. In contrast, we would also expect that 
XI -positive antibodies would be predominantly idiotope bear- 
ing. X-Positive hybridomas were isolated from four separate 
■ 'fusions and cloned. Ten of these cell Jines were randomly 
selected for further analysis-. 

In Table I, we list the hybridoma lines and give some sero- 
logical properties of their antibody products.. Most of the 
" antibodies -belonged to the IgGl class; but an IgM and an 
" "TgG2b antibody were also present.* Only two of the antibodies 
bound to the hapten (4-hydroxy-3-nitro-5-iodo-phenyl)acetyl 
(NIP). (Antibody Bl-8 binds NIP with an affinity higher than 
that for the NP hapten against which it had been raised.) All 
. antibodies bound to insolubilized antibody Ac38 (the proper- 
ty for which they had been selected), and in most instances 
this binding reached plateau levels close to the level reached 
. by antibody Bl-8 against which antibody Ac3 8 had originally 
been raised. In three of the cases maximal binding was con- 
siderably lower, indicating a lower affinity of these antibodies 
to antibody Ac38. The antibodies in Table I were also screen- 
ed for the expression of sue other Bl-8 idiotopes. Four of 
these idiotopes were not found on any of the 10 antibodies. 
One idiotope (A25-9) was weakly expressed on one of the 
proteins and another one (A6-24) on four proteins, although 
maximal binding to the corresponding anti-idiotope was low 
in three out of four cases. 

Hybridization of poly (A )+ RNA to Bl-8 V H cDNA 

j wished to examine the genetic and structural basis for the 
lilarities and differences between the proteins described in 
Table I. Since XI expression is essentially associated with a 
single V L and J L sequence, we concentrated our work on the 



ABC 



H I 





Fig. 1. Hybridization of Bl-8 V H cDNA to po!y(A) + RNA. 5 M g of 
po!y(A) + RNA from each of the cell lines was analyzed as described in 
Materials and methods. Lane A, X63.Ag8.653; B t Bl-8; C, Bl-8.61.V1; 
D, 251.5; E, 303.20; F, 15.3; G, 260.2; H, 141.3; I, 205.12. 



heavy chain variable regions. To determine whether the V H 
regions of. these proteins are encoded by similar genes we 
prepared poly (A) + RNA from 10 Ac38-positive hybridoma 
cell lines and examined them by Northern analysis for 
hybridization to a cDNA probe from the expressed V H gene 
of the Bl-8 cell line (see Materials and methods). This 254-bp 
DNA, encoding amino acids 4 — 90, is identical in sequence to 
the germ line gene 186.2 (Bothwell et aL, 1981). As shown in 
Figure 1, poly(A) + RNA from four 71-producing cell lines 
(lanes D, F, G, H), one ^-producing cell line Oane E) and one 
72b-producing cell line (lane I) hybridizes to the 186.2 gene. 
Four additional 71-producing cell lines (225.4, 214.8, 103.10 
and 8.4) also produce mRNA which is' homologous to 186.2 
(data not shown). X63.Ag8.653, the myeloma partner in the 
production of these cell lines does not produce homologous 
•RNA (lane A). The Bl-8 V H probe also hybridizes to RNA 
from the cell line Bl-8 (lane B) and from a 5-positive cell line 
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B1-8 QVQLQQPGAELVKPGASVKLSCKASGYTPTSYWMHWVKQR 

AC38 251 . 5 

AC38 15.3 ■ L---T . N I R - - 

AC38 205.1 2 E - -S-Pr- -I--. _ D - Y - N S 

AC38 260.2 M - - T 



50 



CDR2 60 



70 



80 



PGRGLEWIGRIDPNSGGTKYNEKFKS.KATLTVDKPSSATY 
____---ND- -------------------- 



S 



T - 



H - K S 
.- - Q - 



SDSY-N Q 



90 



100 D 



110 J. 



H 



120 



MQLSSLTSEDSAVYYCARYD-. YYGSSYFDYWGQGTTLTVSS 

. .( * )- - F D - - R V - - T -I- - V 

T p W - -(E)-'d(R)- - -V--T V - - - - 

- E - R G Y G — D* P . ■ . ' V T V - - 



Fig. 2. Protein sequences of the heavy chain variable regions of four Ac38-positive hybridom^V- Residues; identical to the Bl-8 sequence are indicated with, 
dashes. 



1-8.61. VI (lane C), which produces a somatic variant of the 
1-8 protein (see Discussion). 

We cannot tell by this hybridization analysis how related 
the different V H genes expressed in the various hybridomas 
are to 186.2. Differences in the intensity of hybridization may 
be partly due to the varying amounts of specific mRNA 
which these cell lines produce. 
Amino acid sequence analysis of V H regions 
To determine how related the different V H regions of the 
Ac38-positive proteins are to Bl-8 and to each other, we 
determined the sequences of the V H regions of four of these 
proteins: 15.3 (7I), 205.12 (-y2b), 260.2 (7I) and 251.5 
NP + ). The purified antibodies were chemically cleaved with 
CNBr and the cleavage products size fractionated on 
Sephadex G-50 as described in Materials and methods. Eluted 
V H fragments were either pure enough for direct sequencing 
or were re-chromatographed after complete reduction and 
alkylation of disulphide bridges. The protein sequences of the 
four V H regions were established by automated Edman 
degradation and compositional amino acid analysis of two 
dimensionally separated tryptic and/or thermoiytic peptides 
(Dildrop etat., 1982). 

Figure 2 shows the V H sequences below that of antibody 
Bl-8 (IgM, XI, NP + ), the protein against which the ahti-. 
idiotypic antibody Ac38 had been raised. The homology of 
the four sequences to the Bl-8 sequence and to each other 
ranges from 72 to 97% in the V H -gene segments (codon 
1-98). The D segments of the antibodies differ from the D 
segment of Bl-8 which belongs to the D F Lie group (Kurosawa 
and Tonegawa, 1982). However, the 15.3 and 251.5 
D-segments may also belong to this group, while the 205.12 
sequence is an example of a Dsp 2 -like D-segment (Kurosawa 



and Tbhe^awa; 1982). The three J H segments which- have - 
been sequenced here are all J H i whereas Bl-8 uses J H2 .There 
is very little variation with respect to the size of the third 
hyperyariable region. The length of two of the D segments is 
seyen^frjino acids, as in the case of the Bl-8 D segment, while 
the 2o£ 1 2 p segment contains 6 amino acids. There is also no . 
variation : ikf the D- J- border and in the length of the J-segment 
between the sequence of 15.3, 251.5 and Bl-8. However, the 
205 .fi heavy chain* is -one amino acid shorter than the others 
at the©- J jynction. / : 

Comparison of V H regions with related sequences 
As mentioned above, the V H segments of the four Ac38- 
positive'antibodies share striking homology (> 70%) with the 
Bl-8' prototype sequence and among themselves. We wished 
to- know .whether' the differences between these; sequences 
werVcaused.by somatic mutation of the 186.2 (Bl-8) gene or 
whether each of the proteins is encoded by other different, yet 
related- V H genes. Accordingly, we compared these sequences 
with previously published V H gene sequences which also 
share >70% homology with the 186.2 gene. 

The complete collection of related sequences, presented in 
Figure 3, contains >40 members. About half of the se- 
quences are germ line sequences from unrearranged V H genes 
while the other half represents sequences of expressed rear- 
ranged V H genes. The sequences are ordered by maximizing 
homology between neighbours and forming a general gra- 
dient of decreasing homology from 186.2. The four Ac38- 
positive antibody sequences (marked by closed arrows) have 
been placed between their closest relatives. Each of the four 
sequences fits best to a different sequence on the list: 251.5 
contains only two exchanges from 186.2, 15.3 is different 
from 23 at 1 1 positions, 260.2 and 124 differ at one position 



519 



THIS PAGE BLAMK (uspto) 



R.DUdrop et al. 



tip . i> 
acjh 

CP . t) 
CAT 
rip . b 

MP . lj 
IIP. a 

HP . 
" NP . lj 
AC JO 
HP. o 
IIP . t) 
MP CI 1 

acj/3 

hp . b 
tip . lj 
up . o 
MP . a 
MP CI 1 
ARS 
A PJ 
AllS 
A ItS 
AllS 
APT. 
AP.S 
5 CI 
AllS 

IIPC1 1 
MPCl I 
MP CI 1 
AC3U 

ur.:o 

DF./3 
UF.X3 

ur.xj 

OCX 3 
IIPCL1 

IIP - a 
CAT 
CAT 
CAT"" 



1 . "/ 
lll-tl 
2 r j 1. 5 
J 1 r i 

IU 7- 17 0. ?. 
inr- . | 
S 1 
3 

20 
23 

3 3 
G 

1 21 
20 n . 2 
P.I -0 
10/ 
3 
5 

3 1 

105 

3G-&5 

IUCII. I ) 

03C7 CIl 1 < Oil 

1 21 r/j CHI 

i r. . 7 

0 3C7 -Jill t pii 

1 /A r. i c ii i + 
ifg cnit-AP, s- 

IUCU . 7 
I IPC 1 1 

1 1 1 

101 

l OH A - 
205 . J 2 

;topci 01 c 

MDHX 12 

id iv: io 
imr.x o 

100 (J • 
IX.' LI 

1 7 . ? . 25 
05 Mil 2 . 2 
C 7 A [J 2 . S 



OVOI.OOI'CA|-|.VKPCAr,VKLr>CKASGYTri'aVWMII. . WVKt) lll'U l«! LEVI I GIUIJP . . NSGUIU YHfKFKJJ KATI.TVUKPSKTAYU) I.S.'Il.T'JiMirjAV \Y CAM 



I.-- . . — M- - 

-IT. . * 

--0. 



.CM N V-- 

. SH N 

. SN N 11 

. 0-5S-N 

. SO SY- M--Q G 



S T 



-W- 



II- 

II- 

-- H- Y- 



^ S m s yi- . 

S HA- S II GUI . 

s riA-s — m or ii. 

s ha- r, — m gin . 



-0-- 



- *-FL. 

-y-y- 



-SF- 



- 1,- 



-- A- GIN . 
-S--G IM . 

G IN . 

G IN . 

GIN . 

GIN. 

- -M-- .Hi . 

- AH — IC. . 
-I..T H . 



- 0- Y-N . 



r. s-p 1 

r. s-p i 

i: S -P M D- Y -K . 

r. s-p m n-v-K . 

F. S-P M l>- Y-K. 

(■ S- r M -D-Y-K . 

n r.-p t — m o-yvK . 

t; S-P IT D-S--G- I-N . 





y. N _ 




Y-M- 


, T--0 




. T- -0-- 


P Y-H- 


X--0-- 


-0--Y.-S- 


-- II ()-- 


Y-H- 




i>- y- 


---'!;■•-(»-- 


A-F- 


HH-KR- 


D-N- 


S H - K ^ - 


IJ-N- 


. --NH - K.n- 


I>_ m- 


. y,n.Kr>- 


(j-N- 



SOSO-N--0 — o 

snso-n-- o — g s 

.SDSE-II--0 D S 

S--Y : H--0 U A--S 

. G- -N G A-TS 

110- S-H G A-TS 

• GH-Y G-T b 

. CM-Y G-T S 

.GH-Y IN G-T S 

. G XX XX XX XX XX- C- T n-T l« 1 -- 

-g-t s nr.- r- - 

■ G HA YP H- AO C-T S I' SG P — 

.GM-Y IN XG-T S R S f~- - 

. CMVY N--C-T (IX XX II* A T 

. G M- Y- A OC S-T K 

. fX; -F-N tl --G A-TS I -II 

.CD-V-H 0 A--S I>- It --' 

. AG-S-N--OM — C TS V- - • 

. YN G — O HS P. 

D-N- . . - H S--Q C 5 F- P. 



E -'_ s 



T PWIKI1TY- 

T I'M IK Ol'Y- 

FMIKDTY- 

T F H I KO'IY - 



IIPH-KS- 

SH-KN- 

NHAKH- 

no-- 

)')-- 

r 



M S--0N--C 

l>- N- . . KK S--0 C S-- 

. - M S--QR--G II-S-M--F N 

-D-T-. .SM S" -O G S--G U 

- F,-N- ..YN S--0 G TS F - II 

-V-ST . . YH-N-S--0 C (I S VII- I> All 

. . AH - H l)P--0C I T S I N I. 

. . AN-H DP QG I- A-TS- M 1. 

. . ANXNS--GP- -OCX-- I- A-TS--A-- I. 

. . AK-N OP --OG 1-T-TS-N L-F 



Ml , 



« Collection of-published V H gene sequences related to the 186.2 gene: sequences are written down in the one-letter-amino-acid-code (Dayhoff, 1972) 
mbered according to Kabat et al., 1976. Stop codons are indicated by asterisks, gaps at the a, b, c positions with points, the vertical bar in the gene 6 
:e indicates 'a missing base in the according codon. The sequences are ordered by maximizing homology between neighbours and forming a general 
it of decreasing homology from 186.2. Ac38-positive hybridoma sequences are indicated with arrows. Available DNA sequences are marked with one 
asterisk, those of germ, line genes with two. Whenever possible specificities are given in front of the name of the sequences. NP.a/NP.b is used for all 
sequences whose genes .have been isolated by using the V H NP b DNA. probe (S43 derived, Bothwell et at., 1981) as for the 186.2 gene. The only NP-binders 
among these sequences arerBl -8, S43 and 17.2.25. NP.a/NP.b discriminates between BALB/c and C57BL/6 origin. ARS IDCR.l 1/IDCR.7 are the sequences 
of germ line genes jsoJaiecT using a 36-65 derived probe (Siekevitz et al. y 1983). MPC 1 1 is used for sequences whose genes were isolated using a MPC 11- 
derived probe (Givoierfl/.; 1981). Specificities are: Ac38 = monoclonal antibody Ac38, which reacts with many NP b -positive proteins, was used as 
immunizing antigen k'< ARS ^ anti-p-azophenylarsonate, DEX3 = anti-alpha 1,3 dextran, GAT = anti-poly (Glu 60, Aia 30, Tyr 10), NP = anti- 
(4'-hydroxy-3-nitrprphenyl)acetyl, 5CI = rat monoclonal antibody 5 CI, which reacts with many CRI + proteins, was used as immunizing antigen. Sequences 
were taken from- follo\ying references: NP.b sequences, Bothwell et a!., 1981; NP.a sequences, Loh et al., 1983; MPC 11 sequences, Givol et aU 1981; Cohen 
et al., 1982; Cohen and Giyol, 1983. ARS sequences, Estess et al., 1980; Siegelman et al., 1981; Sims etaL, 1982; Siekevitz et al., 1983. IF6 CRI + , Margolies 
et al., 1983a; DEX3"sequences, Kehry et al., 1979; Schilling et al., 1980; Tonelle et al., 1981; BCL1, Knapp et al., 1982; GAT sequences, Rocca-Serra et al., 
1983a; 1983b. B1-8.V1/Y2, Dildrop a/., 1982. . 



and 205.12 diEfer^from MOPC104E at four positions. The 
AcSS-positive^ntibodieS; therefore probably originate from 
different genes, f heir sequences may derive either directly 
from the one pointed, out here or from other close relatives of 
these (see Discussion, for details). 



Discussion 

We have previously examined the response of various mouse 
strains to the monoclonal antibody Ac38 which had been pro- 
duced against the germ line encoded, NP-binding antibody 
Bl-8 (Reth et a/., 1979; Takemori et al:, 1982; Nishikawa et 
al., 1983; Tesch et al, 1983). When antibody Ac38 is used to 
immunize C57BL/6 mice, from which antibody Bl-8 origi- 
nates, a very large, almost exclusively XI -bearing, response is 
uced (Tesch et al., 1983). Only 10-20% of these ami- 
es are NP binding, however. Most of these antibodies 
also do not bear the other idiotopes associated with Bl-8 
(Takemori et al., 1982). The vigorous response to antibody 
Ac38 can be explained by the high frequency (1 x 10" 3 ) at 



wjiich cells expressing antibodies phenotypically similar to 
those produced in the response are found among LPS- 
reactive B cells from the spleens of adult and newborn 
animals and in LPS-reactive B cells generated from bone 
marrow pre-B cells in vitro (Nishikawa et aL, 1983). We 
hypothesized that both the large number of Ac38-bearing B 
cells and the heterogeneity of the antibody they produce with 
respect to hapten-binding and the presence of other idiotopes 
could be due to the existence of many germ-line V H genes 
which can encode an Ac38 determinant when in association 
with a XI light chain. Only a few of these genes would pro- 
duce antibodies which bind NP or the other Bl-8 anti- 
. idiotopes. Additional support for this hypothesis comes from 
the. response to antibody' Ac38 of BALB/c and CBA mice, 
which do not produce idiotope Ac38 in. response to NP. Sur- 
prisingly, a large XI -positive response is elicited in both cases, 
although none of these antibodies bind NP (Takemori et al., 
1982). (A small amount of another Bl-8 idiotope, A6-24, is 
also elicited in CBA mice). In these strains, we would 
postulate that while they lack the Bl-8 V H gene (186.2), they 



520 




THIS PAGE BLANK (uspto) 



contain other members of the large faif^pf related, Ac38- 
permissive V H genes. Another result whicK supports the idea 
of multiple Ac38-encoding V H genes is the sequence of a 
somatic recombinant from Bl-8 (B1-8.51.V1) which contains 
Vh gene which has replaced most of the 186.2 gene with a 
ortion of a related gene, 102 (Dildrop et at:, 1982; Krawinkel 
et at., 1983). The protein produced by this ceil line retains the 
Ac38 determinant. 

An alternative explanation for the large number of Ac38- 
positive cells could be that the 186.2 gene, which may encode 
up to 90°7o of the primary response to NP in C57BL/6, has a 
higher probability than other V H genes of recombining to 
form a complete heavy chain gene. However, only some of 
the 186.2-D-J combinations may be able to mediate NP bin- 
ding. 

In the current publication, we have chosen to examine the 
Ac38-encoding V H gene repertoire directly by analysis of 
antibodies from XI -positive hybridomas produced after im- 
munization with Ac38. Serological analysis of these purified 
proteins agrees with the earlier results from the analysis of im- 
mune sera: only two of the 10 Ac38 + proteins examined 
(251.5 and 303.20) bind to NP. One of these proteins, 251.5, 
also contains two of the other Bl-8 associated idiotopes. 
Three additional proteins are cross-reactive with one of the 
anti-Bl-8-idiotopes, antibody A6-24, whose target idiotope is 
also found on NP-non-binding Ac38-positive antibodies 
elicited in CBA mice (Takemori et at,, 1982). The other anti- 
idiotopes tested do not react with the NP-non-binding 
hybridoma proteins. In spite of the lack of reactivity observed 
in the serological analysis, heavy chain mRNAs from the 10 
randomly-selected Ac38+ hybridomas hybridized to a Bl-8 
-^r V^probe in Northern analysis. The finding that all of the XI- 
f^M)earing, Ac38-positive hybridomas which we have examined 
z^Rre related to 186.2 by hybridization analysis bears out our in- 
itial assumption that the XI -bearing antibodies would be reac- 
tive- with Ac38 because they are truly idiotypic (Ab3j8; Jerne 
et at., 1982) and not anti-anti-idiotypic (Ab3a). 

Amino acid sequence analysis of four of these heavy chains 
showed that while they are all related to Bl-8 (and to the 
186.2 gene) as expected, only one of the proteins, 251.5, ap- 
pears to be encoded by the 186.2 gene. The sequence of this 
protein, which is both NP binding and reactive with three 
anti-idiotope antibodies, differs from Bl-8 at only two posi- 
tions in the V H region, both in CDR-2. It would appear that 
the V H region of this protein is encoded by a somatically 
mutated 186.2 gene. 

The other three heavy chain V H regions, although in 
general also similar to 186.2, all possess striking differences 
from 186.2 and from each other. Do they in fact originate 
from different V H genes in the germ line? We believe that 
they do for two reasons. The first reason involves the pattern 
of amino acid exchanges which we find: each of the three se- 
quences differs from Bl-8 at many positions: 15.3 at 15 out of 
98 amino acids, 260.2 at 1 1 out of 69 amino acids and 205. 12 
at 20 out of 98 amino acids. However, most of these changes 
from 186.2 are shared by other related V H genes which have 
been sequenced (Figure 3) (15.3 at eight out of the 15 dif- 
ferences, 260.2 at 10 of the 1 1 differences and 205.12 at all 20 
of the differences). In contrast, S43, which is a somatic mu- 
tant of 186.2 (Bothwell et at., 1981) differs from 186.2 at 
seven positions. None of these changes are shared by other 
members of the gene family. We believe that the 'shared 
changes' are typical of changes between related germline 



genes, while the ui^B substitutions may be the result of 
somatic mutations. ^n additional, perhaps stronger, argu- 
ment for a distinct V H gene origin can be made for proteins 
205.12 and 260.2. When a search is made for the closest 
relative of these two proteins, two BALB/c sequences are 
found. The heavy chain V H region of 205.12 differs from that 
of MOPC104E by only four amino acids. The protein se- 
quence of MOPC104E is probably fairly close to its germline- 
encoded sequence (Schilling et al., 1980). The closest relative 
of the 260.2 sequence is that of a member of the MPC11 
familv isolated using an MPC11V H gene probe (Cohen and 
Givol", 1983). This sequence, 124, differs from 260.2 at only 
one of the 67 positions which have been sequenced. Since it is 
unlikely that two BALB/c genes could be so nearly reproduc- 
ed in C57BL/6 by somatic mutation of the 186.2 gene, we feel 
that it is likely that they represent genes separate from 186.2 
and from each other. Although it is difficult to describe 
alleles in discussing protein sequences from a large family of 
related genes such as the V H gene cluster, it appears probable 
that we have identified in the C57BL/6 strain the closest 
relatives for two BALB/c V H genes. 

In conclusion, the above results indicate that the V H 
regions expressed in antibodies carrying the Ac38 determinant 
originate from at least four different V H genes in the germ 
line. A fifth gene (102; Bothwell et ai, 1981) may. also be in- 
volved in this response since the analysis of an Ac38-positive 
somatic recombinant of Bl-8 contains a V H region most of 
which is encoded by that gene (Dildrop et at., 1982; 
Krawinkel et at., 1983). - r ' 

It is striking that although these-.proteinsrare.only 80-85 % 
homologous with Bl-8, they still react with the Bl-8 anti- 
idiotope Ac38. Can we use rtiese_^otein sequences to help 
define the sequence requirements Jot the : Ac38 idiotope? 
Previous sequence analysis of NP-binding "hybridoma pro- 
teins has shown that the Ac3 8 determinant can be found 
when the 186.2-encoded V H is associated with at least three 
different J H segments and tHiw^Sfe 
However, a single amino acid substUutiori; in, ope of those D 
segments can lead to the loss oTtlie^Ac^ (For 
review, see Rajewsky and ! Takemori, -1983; Zaiss and 
Beyreuther, unpublished dataVT^p^fusing picture is not 
simplified by considering the present sequencer Although the 
proteins considered here all utilized h"!-,; previously sequenced 
Ac38 + proteins utilized J H 2 andy^, as well. In addition, 
although one particular mutation* in" D was -found to affect the 
Ac38 determinant, the sequences : pfesented.here contain strik- 
ingly different D segments. It is:possible>that ,the Ac38 deter- 
minant can only be formed when-certain combinations of 
VDJ are made: a particular V may^equife a particular D or J. 
Thus, sequence comparisons are not ^he method of. choice for 
the localization of idiotypic determinants on the V region sur- 
face. Similar difficulties have also been found when attempts 
were made to assign particular idiotopes to hybridoma pro- 
teins reactive with dextran (Clevinger, 1981'). In that case, 
although the proteins only differed from each other by the 
two amino acids in the D regions, it was difficult to predict 
from those sequences what the idiotopic reactivity of the pro- 
teins would be. ' 

Although we cannot define the sequence requirements for 
the Ac38 idiotope, it is clear that the Ac38 idiotope is a 
marker for a large family of related V H genes. These genes 
can be as little as 72<7o homologous in their amino acid se- 
quences and can include sequences normally considered part 
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of the MOPC104E and MPC11 families (Figure 3). In con- 
trast, hybridoma proteins produced after anti-idiotopic im- 
munization in the CRI system of A/J mice were much more 

•icted (Wysocki and Sato, 1981). Although the antibodies 
luced could also be either antigen-binding or antigen- 
binding, only the products of a single germ line V H gene 
were found (Margolies et ai, 1983b; Siekevitz et al. y 1983). 
Results from a variety of other experimental systems also in- 
dicate that certain idiotypic determinants can be found on 
antibodies of different antigen-binding specificities (for 
review, see Rajewsky and Takemori, 1983). The results 
presented here show that these idiotypic determinants can be 
expressed by antibodies whose heavy chain V H regions are en- 
coded by a family of related V H genes. 

Although we cannot quantitate the number of Ac38- 
permissible V H genes in the C57BL/6 genome the number 
may be quite large. It is probable that the high frequency of 
Ac38 + -positive B cells among LPS-reactive cells (1/1000) and 
the vigorous response of C57BL/6 mice to antibody Ac38 
(-500 fig of Ac38 + Xl + antibody per ml serum) can be ex- 
plained by the large number of A38-permissibIe Vh genes. To 
a first approximation it therefore appears that the "186.2 gene 
which dominates the anti-NP response in C57BL/6 mice is 
not preferentially rearranged in pre-B cells. The cells express- 
ing that gene may be selected at later stages of differentiation. 

Materials and methods ' ~" ""7 

Monoclonal antibodies and antigens - L ».»--, . .- ;: : ; - 

The monoclonal antibodies Bl-8, Lsl36, Ac38, Aci46, As79, A6-24, A25-9, 
A39-40 and A3 1-90 have been described previously, including their purifica- 

#Reth et a/.,. 1978, 1979; Rajewsky et at., 1 981). "Keyhole limpet ^hemo- 
l (KLH) was purchased from Calbiochem, San Diego, C A and bovine 
albumin (BSA) from Behringwerke AG, Marburg/Lahn, FRG. NIP- 
and Ac38-KLH conjugates were prepared as described previously 
(Imanishi and Makela, 1973; Takemori et at., 1982). . ^„ 

Immunizations and fusions \* r -'X:_C: ! 

3 — 6-month old C57BL/6 mice, bred in our own colony, .were^immunized by 
i.p. injection of 75 /ig Ac38-KLH conjugate in complete,Freund*s adjuvant as 
described previously (Takemori et at. , 1 982). Spleen cells from these m ice we're . 
. fused to the myeloma line X63.Ag8.653 (Kearney etalW 1970)' either. on day 3 
(fusion no. 5) or day 6 (fusion no. 7) after priming.} In the:case~df- fusion no. 6 
the mice were given a secondary injection of antigen in; # jfeund^i^mpjete ad- 
juvant 1 month after priming, and the cells were fused ox\> day '3, after the se- 
cond injection. Fusions and subsequent cloning of hybridoma cells were done 
as described by Lemke et at. (1978). Hybridoma cells secreting >1 chain- 
bearing, Ac38-binding antibodies were detected by a radioimmunoassay (see 
below). Cloned hybridoma lines were propagated;- in ^the^peritoneum of 
pristane-pre-treated (BALB/cxC57BL/6)F! mice br.ed ja;our : -^ 
fluid produced by these mice was analyzed for the *presence;j0.f .monoclonal 
antibody by microzone electrophoresis and serologically:' Hybridoma cells 
were analyzed for the production of intracellular ig-by ''fluorescence micro- 
scopy (Kearney et at., 1979), using fluorescein-coupled anti-idiotope or anti-Ig 
antibodies of appropriate specificity (gift of Dr.A.Radbruch). ; 

Serology . _: , . 

A two-stage radioimmunoassay was used for the determination of XI chain - 
bearing antibodies with specificity for the various anti-idiotopes and/or for 
the NIP hapten (Reth et at., 1979). Briefly, wells of 96-weIl plastic plates 
(Dynatech Deutschland GmbH, Plochingen, FRG) were coated with one of 
the anti-idiotope antibodies or with NIP M -BSA at a concentration of 10-20 
fig/ml. Serial dilutions of culture supernatant or ascites fluid containing the 
antibody to be determined were added and, after overnight incubation, bound 
XI chain-bearing antibodies were detected by radiolabeled antibody Lsl36. 

Isolation of poly (A)* RNA 
j|^^tion of total RNA and subsequent enrichment of the poly(A) + fractions 
^^Hper formed as described in Siekevitz et at. (1983). 

Preparation of nucleic acid probe 

pAB/i-1 1, a cDNA clone containing the expressed V H gene from the cell line 
Bl-8, has been described previously (Bothweil et at., 1981). After Pstl and 



ase digest h 



Hinf[ restriction endonuclease cfigestion, a 254-bp fragment was purified from 
this clone according to the methods described by Maniatis et at. (1982). 
Transfer of poly (A) + RNA to solid support 

Poly(A) + RNA was glyoxylated and run on 1 .2% agarose gels as described by 
McMaster and Carmichael (1977). RNA was transferred to nitrocellulose 
paper as described by Thomas (1980). 

Hybridization of radiolabelted nucleic acids 

Double-stranded DNA was radiolabeled by nick translation with DNA 
polymerase I according to the method of Rigby et at. (1977). Hybridization of 
radiolabeled DNA to RNA bound to nitrocellulose was as described by 
Thomas (1980). Autoradiography was performed at -70°C using Kodak 
XAR-5 film and a DuPont Kronex Lightning-plus intensifying screen. 

Sequence analysis 

Antibodies were purified from ascites fluid by (NHJzSC^ precipitation 
followed by ion-exchange chromatography on DEAE-cellulose (Reth et al., 
1979) or in the case of NP-binding antibody 251.5 by absorption to (NIP- 
cap)-Sepharose and subsequent elution from the washed sorbent with 10" 3 M 
NIP-cap [(5-iodo-3-nitro-phenyl)acetyl-caproic acid] in phosphate-buffered 
saline (Bruggemann et at., 1982). 

The isolation of heavy chain variable region CNBr fragments and their 
subsequent sequence analysis was performed as described previously (Dildrop 
etai, 1982), 
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mechanism of NA release from rat cerebral-cortex synapto- 
somes. Because immunocytochemicai studies have shown that 
B-50 is found in synapses throughout the brain 21,22 , B-50 could 
be more generally involved in transmitter release. Three lines 
of evidence suggest that the phosphorylation of B-50 by PKC 
is essential for stimulus-secretion coupling during transmitter 
release: (1) phorbol esters that directly activate PKC enhance 
the release of a variety of neurotransmitters 1 " 4 ; (2) by using an 
antibody-independent approach, we have previously shown that 
depolarization-induced neurotransmitter release from non- 
permeabiiized synapiosomes and hippocampai slices is closely 
correlated with a PKC-mediated increase in B-50 phosphoryla- 
tion 18,23 ; and (3) here we have shown that anti-B-50 IgG inhibits 
B-50 phosphorylation as well as Ca 2 ~-dependent transmitter 
release. If B-50 phosphorylation by PKC is indeed involved in 
the mechanism of transmitter release, then a long-term increase 
in PKC-mediated B-50 phosphorylation"'- 17 could be one of the 
mechanisms underlying the increase in the release of glutamate 
that occurs during long-term potentiation " ' . 

In view of the localization of B-50 at the inner leaflet of the 
plasma membrane 21 *' 6 , we suggest that B-50 is involved in the 
regulation of vesicle fusion with the plasma membrane, a process 
in which the vesicle-associated protein synapsin I (a substrate 
of calmodulin-dependent kinases) has also been implicated - ; . 
But the difference in the localization of phosphorylating enzymes 
of these two proteins indicates that they have distinct roles in 
the ^transmute? release process. It may be that the regulatory 
role of B-50 in vesicle fusion is not limited to transmitter release, 
but extends to membrane-fusion processes during neurite out- 
growth 19 - 30 ; It remains to be investigated to what extent cal- 
modulin binding 14 and modulation of phosphatidyl inositol 
4-phosphate Icinate activity 12,13 — putative properties of B-50 — 
are also'invoived in controlling neurotransmitter release. □ 
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Production of antibodies in 
transgenic plants 

Andrew Hiatt, Robert Cafferkey & Katherine Bowdish 

Oepartmer.t of Molecular Biology, The Research Institute of Scripps COnic, 
10666 Nortr, Torrey Pines Road. La Jolla. California 92037, USA 

Complementary DNAs derived from a mouse hybridoma 
messenger RNA were used to transform tobacco leaf segments 
followed by regeneration of mature plants. Plants expressing single 
gamma or kappa immunoglobulin chains were crossed to yield 
progeny in which both chains were expressed simultaneously. A 
functional antibody accumulated to 1.3% of total leaf protein in 
plants expressing full-length cDNAs containing leader sequences. 
Specific binding of the antigen recognized by these antibodies- was 
similar to the hybridoma-derived antibody. Transformants having 
y- or ff-chain cDNAs without leader sequences gave poor 
expression of the proteins. The increased abundance of both y- 
and fc-chains in transformants expressing assembled gamma- 
kappa complexes was not reflected in increased mRNA levels. The 
results demonstrate that production of immunoglobulins and 
assembly of functional antibodies occurs very efficiently in tobacco. 
Assembly of subunits by sexual cross might be a generally appli- 
cable method for expression of heterologous multimers in plants. 

The source of immunoglobulin mRNAs was a hybridoma cell 
line expressing a catalytic IgG, antibody (6D4) which binds a 
low molecular weight phosphonate ester (P3) and catalyses the 
hvdrolysis of certain carboxylic esters. Constructs^ used for 
immunoglobulin expression in plants consisted of coding-length 
cDNAs of the 6D4 y- or K-chain with or without their leader 
sequences. These cDNAs were modified to contain terminal 
Eco Rl restriction enzyme digestion sites and were Iigated into 
the constitutive plant expression vector pMON530 (ref.2) to 
form pHilOl (kappa, no leader), pHil02 (kappa, leader), 
P Hi201 (gamma, no leader) and pHi202 (gamma, leader). We 
transformed tobacco plants using Agrobacterium containing 
each of these four plasmids 3 and screened leaf extracts from 
regenerated transformants for the presence of immunoglobulin 
heavy or light chains by enzyme-linked immunosorbent assay 
(ELISA) 4 . Transformants expressing individual immuno- 
globulin chains were then sexually crossed to produce progeny 
expressing both chains. The results of the ELISA revealed high 
levels of kappa and gamma chains accumulating in individual 
plants containing DNA from both pHil02 and pHi202 (Table 
1- Fig. 2a), We verified the expression of both heavy and light 
chains by western blotting (Fig. 1). From the ELISAs, we judged 
that virtually ail the y- and ^-chains in these plants were 
assembled into gamma-kappa complexes (Table 1). Western 
blots provided additional evidence for assembled antibodies 
in that, under non-reducing conditions, most of the lmmuno- 
reactive y- and K-chains aggregated at a high molecular weight 
(Fig. 1). 

The binding specificity of the assembled gamma-kappa com- 
plexes was studied in ELISAs in which a P3 -bovine serum 
albumin conjugate was used as antigen. The antigen binding oy 
antibody derived from plants was equivalent to antigen binding 
by the 6D4 hybridoma antibody. Incubation of plant extracts 
or the purified 6D4 antibody with 50 ujnoir P3 for 3 hat 25 u 
before addition to the ELISA eliminated antibody binding to 
the P3-BSA conjugate, demonstrating that binding was specific 
for the P3 hapten. Half-maximal inhibition occurred with 
10 umol r l free P3 for both hybridoma and piant-denved anu- 

bodies. „ u-mi 

Transformants derived from the leaderless constructs pHUOl 
and P Hi201 contained very low levels of *- and y-<* a,ns 
respectively, but Southern and northern blots (Fig.2) dem- 
onstrated the presence of transforming DNA and immuno- 
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immunoglobulin chains contained assembled gamma-kappa 
complexes (Table I). 

The increased recovery of immunoglobulin epitopes from 
transformants expressing full-length cDNAs was not reflected 
in increased mRNA. transcript levels. Northern blots (Fig. 2d) 
comparing pHilOl and pHi202 transformants, for example, 
revealed nearly equivalent levels of heavy-chain transcripts, 
although ELISAs indicated a 40-fold increase in accumulation 
of heavy-chain protein in the pHi202 trans formant Likewise, 
immunoglobulin mRNA levels in a plant producing large 
amounts of assembled antibodies were not significantly different 
from the parental plants that accumulated low levels of 
immunoglobulin chains iFig. 2b). 

Our results show that individual cDNAs for immunoglobulin 
*- and y-chains can be efficiently expressed in tobacco to form 
functional antibodies. Assembly of immunoglobulin chains by 
sexual cross in plants represents a useful alternative to the 
expression by a single vector of both gamma and kappa cDN As 
as in yeast or bacteria 3 *", or double transformation with vectors 
containing individual cDNAs 8 * 9 . Potentially, this method is 
applicable to the assembly of oligomers other than antibodies. 
The characterization of antibodies produced in plants f glycosy- 



TABLE 1 Expression and assemoly of immunoglobulin gamma and kappa 
chains in tobacco 

Accumulation of y- or chains in transformed plants* 



yNL 

30 ±16 
(60) 

KHl 

1.4 ±U2 
(3.5) 



KM. X y NL 
/ft Xyt 



n 

1.412 = 270 
(2.400) 

56x5 
(80) 



3.330 ±2.000 
(12300) 

#ci.(yO 
3.700 ± 2300 
(12300) 



32=26 
(60) 

E5 =5 
(20) 



Distribution and assembly in crosses* 



-(95 ±"16% assembly) 



" Accumulation of individual gamma and kappa chains (in ng per mg total 
protein) was estimated by EUSA*. Microtitre wells were coated with a goat 
anti-mouse heavy or light chain: specific IgG (Fisher) in 150 mMNaCl 20 mM 
Tris-HCI. pH 8.0 (TBS), followed by "blocking with 5% non-fat dry milk in TBS. 
Plant leaves were homogenized in a.mqrtar and pestle at 4°C after removal 
of the midvein. To the supernatant a quarter volume of 5 xTBS was added, 
and 50 ui of 1 in 2 serial dilutions were added to each microtitre well. After 
18 h at 4 *C, micrautre wells were washed with distilled water at room 
temperature. Sound y- or <-chains were reacted with goat anti-mouse 
heavy or light chain-specific antibodies conjugated to horseradish peroxidase 
fcr 2h at 37 'C in TBS. and detected according to the manufacturer's 
instructions. Control microtitre wells contained extracts from plants trans- 
formed with pM0N530 vector. Values given as mean (±s.d.i are derived 
from at least two determinations per plant and do not include transformants 
producing no detectable y- or k- chain. At least nine plants were assayed 
in each category. All values are given as ngper mg of total protein in the 
extract and are derived from the quantity of purified 604 antibody required 
to given an equivalent colour development in HUSA. Total protein in the 
extract was determined by the Bio-Rad Coomassie assay. Complementary 
ONAs containing no leader sequences are referred to as yw. and knu -yt- 
and kl refer to cONAs with leader sequences; <yOc) refers to gamma chains 
in a plant that also expresses x -chains, and vice versa. Numoers in paren- 
theses are values for plants with the highest levels of accumulation. 

r The number of plants expressing y- or /c-chains among the progeny of 
a sexual cross. The SJSA for assembly used horseradish peroxidase- 
conjugated anti-K-cham-specific antibodies to detect antigen bound to 
micro btre wells coated with unlaoelled anti-y-chain-speciflc antibodies, and 
vice versa Values derived from these assays were used to calculate the 
per cent of assembly by comparison with the purified 6D4 antibody. This 
was determined at least three times for each y* plant. The per cent 
assemoly is expressed in parentheses as the mean ± s.d. 



lation, processing of leader sequences, cytolocaiization and 
turnover) will be described in a later paper. 

In B lymphocytes, immunoglobulin processing and assembly 
occurs in the endoplasmic reticulum/GoIgi in a process thai 
may be promoted by heavy-chain binding proteins present in 
the endoplasmic reticulum 10 * 11 . Plant cells may also have a 
system for muitimer assembly in their endoplasmic 
reticuium/Golgi that can recognize immunoglobulin chains. 
Alternatively, assembly may occur spontaneously, given 
sufficient levels of each chain in the appropriate cellular com- 
partment- Our results demonstrate that plants require a signal 
sequence for efficient assembly of y- and k-suou nits. The pres- 
ence of the mouse leader sequence clearly augments the accumu- 
lation of individual chains. This might be the result of an 
enhanced translation of the immunoglobulin messengers or an 
increased stability of each protein as a result of subcellular 
sequestering or secretion. The yield of each chain is increased 
in plants expressing both gamma and kappa, indicating that 
assembly of the gamma-kappa complex might enhance stability. - 

1 23456789 
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FIG 1 Western blot of leaf proteins from transgenic tobacco plants express- 
ing immunoglobulin chains. Leaf segments (1 g) from mature plants were 
homogenized in a mortar and pesUe with 1 ml 0.05 M Tris-HCL pH 7.5. 1 mM 
phenylmethanesulphonyl fluoride. Extracts were boiled in 4 M urea. 1% SOS. 
with or without 2 mM dithiothreitol IDTT) as indicated. Tor 3 min. SDS-PAGE 
in 10% acrylamide 18 and blotting of the proteins to nitrocellulose were 
performed as described. Blots were preincubated f or 6 h at 4 °C in 20 mM 
Tris-HCX pH 8.0. 150 mM NaCl. 0.01% Tween 20 (TBST) containing 5% BSA. 
and 0.5% non-fat dried milk before the addition of antibodies. A diotinylated 
goat anti-mouse whole IgG antibdcy (Cappel). diluted 1:500 in TBST was 
used to probe the blots at 4 °C for 24 h. A variety of commercially available 
antibodies (anti-mouse IgGs) were used in other experiments with similar 
results. Antibody binding was visualized after binding of streptavidin-conju- 
gated alkaline phosphatase (25 *C. for 2 h) by incubation in 300 u4 ml" 
nitroblue tetrazoiium and 150 u-gml" 1 5-bromo-4-cWcro-3-indolyl pnos- 
phate. In lanes 1-7. 40 uJ of each extract containing DTT; lanes 8 and 9. 
40 ud extract without DTT. Lane 1. 100 ng purified antibody from the 604 
hybridoma: lane Z 15 u-g wild-type plant-extract protein: lane 3.15 u-g protein 
from a plant transformed with truncated K-chain cONA (pHilOl) containing 
no leader sequence: lane 4. 15 u.g from plant transformed with truncated 
y-chain cONA (pHi201); lane 5. 15 ng from a full-length kappa cONA 
transformant (pH!102fc lane 6. 15 m4 from a full-length y-chain cONA trans- 
formam (prt202); lane 7, 15 u,g from an Fl plant derived from the cross 
between a kappa and a gamma producer lane S. 100 ng 604 antibody (no 
DTT); lane 9, same as lane 7. except no DTT. Gamma and kappa on the left 
refer to the positions of the 6D4 heavy and light chains: positions of 
molecular weight (given in thousands) markers are shown on the right By 
SJSA. extracts in lanes 3-5 contained very tow levels of *- or y-chains 
(<0.003% of total protein. Table 1). whereas extracts In lanes 6, 7 and 9 
contained 0.24. 13 and 1.3% immunoglobulin respectively. 
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. RG. 2 Southern and northern blots of leaf ONA and RNA from transgenic 
plants expressing immunoglooulin cONAs. a DMA was extracted from Ig 
mature leaf tissue after freezing the fresh segments in liquid N 3 . Hamogentz- 
• -ation into urea mix 18 was in a mortar and pestle. The homogenate was 
r extracted with phenol :CHCI 3 (1:1) ano the nucleic acids preaoitated by 
addition of one volume of isopropyl alcohol. The resuspended ONA (20 p.g 
^each)lwas cut with HiridiW and Southern-Plotted as described 1 ?. The probe 
'used for. both Southern and northern blots was 32 P4abelted pM0N53Q 
ptasmid 2 containing either a kappa cDNA or a gamma cONA. Both cDNAs 
; were , used in the hyoridization shown. Lane l. DNA from a transformant 
expressing a light-chain cONA without a leader sequence (pHtlQl): lane 2. 
ONA from a heavy-chain cONA transformant no leader (pHi201): lane 3. DNA 
from a transformant expressing fulWengih light chain with leader (pHil02): 
lane 4.-DNA from a transformant expressing heavy chain with leader (pHi202): 
lane 5. DNA from an F. plant derived from a cross between plants expressing 
full-iengtn gamma or Kappa cDNAs (pHU02 x pH202). a Extraction of RNA 
from I g'fresh leaf tissue was by homogenization in 10 ml 0.1 M Tris-HCl. 
pH 9.0. anc 10 ml phenol saturated with this buffer, using a Polytron at high 
>Z speed. Nucleic acids were precipitated by addition of one tenth volume 3.0 M 
sodium acetate. pH 5.0. and 1.5 volumes isopropyl alcohol. Resuspended 
..RNA was.'etectrophoresed in gels containing formaldehyde and northern 
.^blotted onto: nylon membranes (Amersnam) as described 19 . Lane 1. RNA 
^.frorrf rartransformant expressing a light-chain cONA without a leader 
v secuence (pHilOl): lane 2. RNA from a heavy-chain cONA transformant. no 
ie'adei (oHi201fc lane. 3. RNA from a transformant expressing futl-tength light 
*Jcfiain "wiui jeader ,(pHil02>. lane 4. RNA from a transformant expressing 
: "he^Vy 'chain with leader fpHi202h lane 5. RNA from an F x plant derived from 
af^ss between £ plant expressing full-length gamma or kappa cONAs 
^Hilb^x Pr<i202). Total RNA (20 >ig) was loaded in each lane. Lanes from 
5/sepWate;^Vbndzations were aligned with respect to the 18S (1900 base 
; ^parsXarfd 25S (3.700 base pairs} nbosomal RNA bands on the blots, detected 
. Vjby ; m le thy'iene -blue s t a ining. 

. . Expression, of functional antibodies from transcripts that do 
; not contain signal sequences may require modifications to yield 
- alternative antigen-binding structures (such as single-chain anti- 
gen-binding proteins 4,7 ) that do not need to be assembled. Thus 
•binding of constituents of metabolic pathways involved in mor- 
phogenesis, stress responses or pfant-pathogen interactions 
-could be used to further our understanding of these processes 
in a way analogous to the blocking by microinjected antibodies 
of specific protein functions in mammalian ceils 12 * 13 . 

As large macromolecules such as protein multimers do not 
pass through plant cell wails' 4,13 , the binding by antibodies of 
small organic molecules (toxins, herbicides, plant hormones, 
organic chelates, for example) that arc permeable to the cell 
wall might result in the net uptake and retention of these 
molecules in the plant. Accumulation of functioning antibodies 
may provide new options for the recovery of an array of environ- 
mental contaminants, as well as other biologically significant 
organics. Catalytic processing of small molecules within cell 

78 



wall boundaries by antibodies may also become a generali7 
strategy for the elimination or modification of permeable orga; 
compounds and could introduce new catalytic properties ir 
existing metabolic pathways. 



fiecewea 21 .My: aereoies 22 Seotemow 1989. 

1. Tramontane janda. K. 0. & lemer. R. A. Scrence 234. 1S6B-1S70 (13871. 

2. Rogers. S. G, Klec K jl Herscn. a. a. & fmef. ft. T. Uetrt uirym. IS 3. 253-277 119871. 

3. Horscn. R. i er a Saence 227. 1229-L231 USaSI 

*. EnjvaU. E. 1 Pwlmann. P. J. tmmvn. 109, 129-133 f 19721 

5. Carlson. J. ft. Mat ceH Siat S. 2S38-2646 (1985). 

6. *ttoa L S. et it Proc nam. Aeatt. So. ULSA. 85, 5879-5883 119881 

7. Sim H. £. « at Saence 242, 423-426 C 19881 

8. wood. c. ft et a Nature 314. uas«t49 (19851 

9. Hcrvfiu. A. K. Chang. C P. Sexier. M. Hells trom. K. £. 4 Rootnsca R. ft. Proc mui Acad 
USA SS. 8678-8682 (19881. 

10. Tartakorf. a. 6 Vassal P. 1 CeO Biol 83. 284-299 U979i 
ll_ Monro. S. & Pelrtam. H.R.B. Cett 46, 291-300 '19861. 

12. Umo. >t.LC.etaLlCett&ol. 106. 1955-1971 (1988L 

13. ftiaoowoi. K. T„ Vosatka. R. 1.2S.E. a. Lamo.fi. i & Fetamsoo.1 a Mot. cell a 1670-1- 
(1988* 

14. Mttourrt. J. A. Water flow m Plants Longman. (Lonooa 19791 

15. Carcrta N„ Sabuivse. 0, Momsitnos. 0. & Oetmar 0. ?. Scene* 205, 1144- H 47 US 791 
15. Chua \-h .vtera Emym. 69. 434-M6 (19£0i. 

17 Harto* £. t Lana. 0. Anuooaos. A Laaoratorv Manual (Cold Soring Hatoor Laoora:ery New * 
1988- 

18. Shu/ff M Wesster. S. 4 Feaoro." H Cell 35. 22S-233 » 19831 

19. Mania -.is T . Fftiscft. Samoroott, J. Molecular Qonmg. a laaoratory Marmot (Cola So- 
Haroor uanoratory. New Yorx. 1932 >. 

ACKNOWLEDGErvENTS. we tnaf* Anorew Gelman fcr tecrmrcai assistance, ana 0/s M»cnHem. Ricr 
Lerner. fiicra'o farr and SKoncn MavfieJd far aseusston curing ine oreoaration of tre manusc* 



Leu-8/TQl is the human 
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THE human pan-leukocyte antigen Leu-8 has attracted wide inter 
est because its presence or absence identifies suppressor-induce 
and heiper-inducer CD4 + T-lymphocyte subsets respectively. W 
report here that Leu-8 is the human hontologue of the mo us 
Mel- 14 homing receptor, a molecule that promotes the initia 
adhesion of blood-borne lymphocytes to the specialized post-cap i I 
lary endothelium of peripheral lymph nodes. We also show tha 
Leu-8 can adopt both conventional and phospholipid anchorei 
forms, a finding that may have relevance in the context of antiger 
shedding following activation or homing. The assignment of lym 
phocytes to different functional classes based on lymph nodi 
homing potential may represent a more general association betweei 
lymphocyte function and tissue distribution. 

Two complementary DNA clones encoding Leu-3 deter 
minants were isolated from a human T-cell library by method: 
previously described 1,1 . DNA sequence analysis showed thai 
the longer insert of the two contains 2J50 residues, whereas the 
shorter lacks 436 internal residues but is otherwise identical 
{Fig. 1). The predicted polypeptide sequences were found tc 
diverge at their C-terminL 

The protein encoded by the larger insert bears a strongl) 
hydrophobic putative membrane spanning domain near its C 
terminus, followed by several positively charged residues resem- 
bling a cytoplasmic anchor sequence. The protein is closely 
related to the recently described murine Mel- 1 4 homing recsp- 
tor*- 4 (Fig. I) and the corresponding cDNA sequence shares 
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Abstract 

Immunoglobulin light and heavy chains are synthesized in mammalian cells as precursors containing a 
signal peptide. Processing and assembling result in formation of active antibodies. Chimeric genes have 
been made containing the coding sequence of the barley sc-amylase signal peptide which has been fused 
to cDNAs coding for either the mature light or the mature heavy chain of a monoclonal antibody. A 
plasmid was constructed linking both chimeric genes under the control of plant active promoters in an 
expression cassette. This DNA fragment was stably integrated into the genome of Nicotiana tabacum by 
Agrobacterium tumefaciens mediated gene transfer. Synthesis of light and heavy chains and assembly to 
antibodies was detected in transgenic tobacco tissue using specific secondary antibodies. By electron 
microscopic imrnunogold labeling, the presence of assembled antibody could be detected within the 
endoplasmic reticulum. Affinity chromatography indicated biological activity of the assembled immuno- 
globulin produced in plant cells. Unexpectedly, a significant amount of assembled antibodies was found 
within chloroplasts. 



Introduction 

Expression of light and heavy chains of monoclo- 
nal antibodies in non-lymphoid tissues has 
become an important area of research during the 
past years. In native lymphoid cells, immuno- 
globulin light and heavy chains are synthesized as 
precursor proteins. The signal peptide's direct 
insertion of the nascent chains into the lumen of 
the endoplasmic reticulum (ER). Inside the ER, a 
heavy chain binding protein (BiP) interacting with 



noncovalently associated immunoglobulin heavy 
chains mediates assembly of immunoglobulin 
light and heavy chains [4, 17, 20]. Recently a 
relationship of BiP to other proteins regulating 
transport of secretory and membrane proteins 
(GRP 78 and HSP 70) was reported. These pro- 
teins seem to have a general function in stress 
management [12, 18, 21, 26], 

In E. coli, expression of light and heavy chains 
of monoclonal antibodies lacking the natural sig- 
nal peptides did not result in the production of 
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functional aniibodies within the transformed bac- 
terial cells. Only in vitro reconstitution of bacteria] 
extracts or purified fractions containing both 
chains resulted in the recovery of antigen bindine 
.activity [6, 9]. This was ascribed to" the highly 
reducing intracellular environment inhibiting" di- 
sulfide-bond formation or the lack of a special 
helper protein [9] or simply to low level expres- 
sion [5]. Expression of a native light chain precur- 
sor gene produced a secreted immunoglobulin 
chain [46]. Recently, fusion of both intact or trun- 
cated light and heavy chains to bacterial signal 
peptides and expression of these chimeric genes in 
E. colt was successful. Protein engineering 
allowed the assembly of secreted functional 
chimeric aniibodies or fragments linked by disul- 
fide bonds [1, 35]. 

The immunoglobulin chains expressed by Boss 
etal [5] in E. coli were also expressed in yeast 
cells but in this case as native precursor proteins 
[43], Synthesis, processing and secretion of light 
and heavy chain, glycosylation of heavy chain and 
detection of functional antibodies in extracts from 
cells co-expressing both chains was demon- 
strated. Yet, the efficiency of assembly was low. 
By fusion of chimeric immunoglobulin chains to 
the yeast invertase signal peptide Horwitz et ai 
[22] achieved secretion of properly folded and 
assembled chimenc antibody and F ab -fragment 
from yeast cells. 

We have constructed chimeric genes consisting 
of the mature light and heavy chain genes, 
derived from cDNA clones of the B 1-8 antibody 
[6, 7] and the barley aleurone a-amylase signal 
peptide coding sequence [ 1 3, 14]. This signal pep- 
tide has already been used successfully to direct 
transport of bacteriophage T4 lysozyme from 
transgenic tobacco cells to the intercellular spaces 
[15, 23]. Thus, initiation of the secretory pathway 
was also expected for the chimeric immuno- 
globulin chains in transgenic plant tissue. 

Transgenic tobacco tissue synthesizing both 
immunoglobulin chains was shown to produce 
functionally active B 1-8 antibody by using 
specific interaction with its antigen. Subcellular 
localization indicates assembly of the antibody in 
the endoplasmic reticulum. Synthesis and assem- 



bly of a complex foreign protein to a biologically 
active molecule inside transgenic plant cells is 
possible by fusing the individual chains to a plant 
signal peptide. 



Materials and methods 

All cloning and DNA manipulations were per- 
formed according to Maniatis et ai [30]. 

Plasmids, bacterial strains, and media 

Plasmids and bacterial strains are listed in 
Table 1. pAB X 1-15 and pAB /i-ll were sifts 
from A. Radbruch; pLC 1-4, pHC 1-3, pHC 
3-19 and . pLGV 2385 Bgl^Hind from 
M. Stieger. 

Recombinations, transformations and conju- 
gations were carried out as described else- 
where [15]. 



Construction of chimeric signal peptide light- and 
heavy-chain genes 

The DNA sequence coding for the signal peptide 
of x-amylase from barley aleurone layer {Clone E 
[33]) was fused to the cDNA fragment coding for 
the mature light chain of B 1-8 antibody [8] 
(Fig. lb). The signal peptide coding fragment was 
excised from pSR 1-1, a pUC 9 plasmid contain- 
ing the Clone E z-amylase cDNA of Rogers 
and Milliman [14]. A synthetic oligonucleotide 
providing a 5' Hind III site was iigated under 
conservation of the Nco I site which overlaps with 
the ATG initition codon of the signal peptide. The 
mature light chain coding sequence was excised 
from piasmid pLGV 2385 Lc. The isolated signal 
peptide coding sequence was fused at its 3' end 
to a synthetic oligonucleotide providing the 3' 
nucleotides of the signal peptide coding sequence 
and the 5' nucleotides of the light chain gene. The 
complete chimeric gene was Iigated in the correct 
orientation into the selection-expression vector 
pAP 2034 [41] containing the T R -1' 2 y dual pro- 
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Table /. Plasmids and bacterial strains. 



Bacterial strains 


Plasmids 


References 


£. cflti 






DH 1 




Low [29] 


BMH 71-18 




Vanish-Perron et al. [44] 


GJ 23 




Van Haute et al. [40] 


Agrobacteriurn 






C5S CI 




Zambrvski et al. [45] 




pAB a 1-15 


Both* ell et al. [8] 




pAB /z-ll 


Bothwell et al. [7] 




pLC 1-4 


Stieger [38] 




pHC 1-3 


Stieger [38] 




pHC 3-19 


Stieger [38] 




pLGV 2385 Lc 


Stieger [38] 




pLGV 23S5 B$l-~Hin6 


Stieger [38] 




Clone £ 


Rogers and Milliman [33] 




pAP 2034 


Velten and Schell [41] 




P L'C9 


Vieira and Messing [42] 




pBR322 


Bolivar et al. [5] 




pGV 3S50 


Zambryski et al. [45] 




pSR 1-! 


During etai [15] 



moter "and the gene 7 polyadenylation site 
(derived from the T-DNA of Agrobacierium iwne- 
facie ns) (pSR 1-4). 

An* analogous construction was built with the 
mature : heavy : chain coding sequence (Fig. lc). 
The signal peptide coding sequence was again 
prepared -from plasmid pSR 1-1 but fused to 
another synthetic oligonucleotide at the 3' end 
comprising the missing 3' nucleotides of the sig- 
nal peptide : coding sequence and the 5' part of the 
gene coding for the mature heavy chain. 

For integration into the plant genome a trans- 
formation vector containing both chimeric genes 
under control of plant active regulatory elements 
within a short distance was constructed. This 
final transformation vector contains under con- 
trol of the pT R dual promoter the NPT II gene as 
a selectable marker (in the 2' position) and the 
chimeric light chain gene (in the V position) and 
under control of the pNOS the chimeric heavy 
chain gene (Fig. la). 

This plasmid was introduced into the plant 
transformation vector pGV 3850 [45] by homol- 



ogous recombination. Recombinant Agrobac- 
teriurn was tested for correct integration of the 
plasmid by Southern blotting (modified following 
Southern. et al. [37], data not shown). 

Plant transformations 

Transformations of Nicotiana tabacum W38 
• plants grown in sterile culture were performed as 
described elsewhere [15]. 

Demonstration of transformation of regenerated 
plants 

DNA analysis of transformed plants regenerated 
from the leaf disk infections were done according 
to Southern [37] and Maniatis et al. [30]. NPT- 
activity tests were performed following the proto- 
cols of Reiss etal [31] and Schreier etai [35]. 
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{Signcl peptide ] i LC 



PGCMFWRRPrePRf^cfRTSGGSaPuf^CG 



[Signal peptide 



|HC 



Sol I 



MotGluL\^»nGIuSerL*uCu»Cw6Ph»SerL»uL^LmA»uCwtouLtuflloGluL»uflloS»rGInVolGln^ «w. 



RGCnPflflPPWflflPCClPTGGGGRRGRRC'jGCRGCCTGTGC'TGCTTCtCTCT GCTGCTGCTGCTGCTTC7GGCCGGG7 TGGCGTCCCHGGTCCflFCTG. . 



Fig- J- Construction of chimeric genes consisting of ihc barley aleurone a- amylase signal peptide coding sequence and the mature 
B 1-8 light- and heavy-chain cDNAs. Description of the construction in 'Materials and methods', a (top): Structure of the 
' transformation vector pSR 4-3 containing botrrchimeric genes under control of plant active regulatory' elements, b (middle): 
Structure of the 5' part of the chime- signal peptide-light chain gene, c (bottom): Structure of the 5' part of the chimeric signal ■ 

peptide-heavy chain gene. 



Tissue printing 

Tissue printing was done modified following the 
procedure of Cassab and Vamer [10]. Nitrocellu- 
lose filters were incubated for 30 min in 0.2 M 
CaCK and air-dried. Immobilon PVDF mem- 
branes were wetted in methanol and substituted 
in water. Tissue was cut and weakly pressed with 
ihe cut surface on the prepared membrane far 
about 30 s. Nitrocellulose filters were dried with 
warm air. Detection is the same as for western 
blotting (described below). Pre-absorption of the 
antibodies used for detection by wild-type protein 



extract is often essential in order to circumvent 
cross reactions. 

Protein analysis by western blotting and affinity 
purification of foreign protein from transformed plant 
tissue 

B 1-8 protein, Ls 136, Ac 38, goat anti-mouse 
IgM and goat anti-A antibodies as well as 
NP-Sepharose, L136-Sepharose. and NiP-cap 
were gifts from A. Radbruch and M. Reth. 
Protein analysis was carried out using a modi- 
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tied version of western blotting [39]. Plant tissue 
was homogenized in SDS-sampie buffer supple- 
mented by protease inhibitors (1 pM leupeptin, 
1 ^Mpepsiaiin,:00fiM PMSF, 100 /iM EDTA) 
and loaded on a discontinuous 15° 0 SDS-poly- 
acrylamide gel according to Laemmli [28]. The 
separated proteins were transferred to an Irn- 
mobilon PVDF membrane (Millipore, Bedford, 
USA) by semi-dry electroblotting [27], For 
immunodetection the membrane was blocked 
with \ \ gelatin (BioRad, Richmond, USA) at 
room temperature to avoid nonspecific adhesion 
of proteins to the membrane. All antibodies were 
'first preincubated for lOrnin with wild-type 
tobacco protein extract to minimize nonspecific 
protein-protein interactions in TBS buffer 
(10 mM Tris-HCI pH 8.0; 150 mM NaCI) includ- 
ing 1 ° 0 Triton X- 100,0. 1% Tween 20. 0.3°/ o gela- 
tin and protease inhibitors. After each incubation 
the membrane was washed I x in TBST 
(TBS + 0.1 °V Tween 20), 1 x in TBST + 1 M 
NaCI and 3 x in TBST (each 10 min). 

Antibodies used for detection of individual 
immunoglobulin chains and assembled antibody 
are described in Table 2. 



Table 2. Antibodies. 



Monoclonal Epitope recognized on B 1-8 Reference 
antibody 



Ls 136 


Localized only on /.-light chain Reth [32] 


Ac 38 


Localized next . to the active Reth [3-] 




site, formed by quaternary 




structure of light and heavy 




chain 


Polyclonal 


Used for detection of: References 


antibody 




Goat anti-A 


Light chain Southern 




Biotechnol. Assoc. 


Goat 




ami-Ig.M 


Heavy chain A. Radbruch 


Bio-anti 




mouse IgG 


(second antibody) Sigma 


Bio-anti 




goal IgG 


(second antibody) Sigma 



2S5 

Proteins were detected by a series of incu- 
bations with appropriate antibodies. Anti-IgM, 
Ls 136 and Ac 38 were followed by a biotinylated 
secondary antibody and the streptavidin-alkaline 
phosphatase conjugate from BRL (Bethesda, 
USA). In the case of biotinylated ami-/, the 
second antibody was omitted. Colour develop- 
ment became visible within a few minutes to some 
hours after application of NBT (Nitroblue tetra- 
zolium) and BCIP (5-bromo-4-chloro-3-indolyl- 
phosphate) in 100 mM Tris-HCI pH 9.5, 100 mM 
NaCI and 5 mM MgCl 2 . 

For affinity chromatographic "purification of 
the foreign protein from transformed plant tissue 
the plant materia] was homogenized in a mortar 
with a pestle under liquid nitrogen cooling. The 
homogenate was transferred to a Corex tube and 
extraction buffer (100 mM PBS) and polyvinyl- 
polypyrrolidone (PVPP) were added. Per gram of 
tissue 50 mg PVPP and 1 ml 1 x PBS supple- 
mented with protease inhibitors (as described 
above) were added. As a protective agent against 
oxidation the solution is made 5 mM ascorbic 
acid. In order to solubilize all membrane encapsu- 
lated proteins 1°' 0 Triton X-100 or better 10 mM 
CHAPS may be added as a detergent. After 
15 min extraction was finished by centrifugation 
of cell debris at 10000 rpm at 4 Z C in a Sorvall 
SS 34 rotor (DuPont, Dreieich, FRG). If a deter- 
gent was used for solubilization the supernatant 
had to be diluted to about 0.1% Triton X-100 or 
2 mM CHAPS for affinity chromatography. The 
supernatant was rotated on a roler at 4 - C for 
30-60. min to precipitate oligosaccharides. Sub- 
sequently -the precipitate was centrifuged at 
4000 rpm at 4 S C Total amount of protein was 
determined by a Bradford assay (BioRad, 
Richmond, USA) and equal amounts of total pro- 
tein were used for transformed and control tissue. 
The protein extract was incubated with NP- 
Sepharose (the hapten for isolating the functional 
B 1-8 antibody) or Ls 136-Sepharose (for iso- 
lating the light chain) overnight at 4 = C under 
slow rotation in a batch assay. By centrifugation 
(4000 rpm, 4 = C in a Varifuge, Heraeus, 
Osterode, FRG) the affinity gel was precipitated 
•and the supernatant was discarded. The gel was 
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iransferred to an Eppendorf tube. All the follow- 
ing steps were performed at 4 : C. The gel was 
washed subsequently 1 x with 1 ml 1 x PBS, I x 
with 1 ml 1 x PBS. 1 M NaCl and 3 x with 1 ml 
1 x PBS.; all solutions were supplemented with 
protease inhibitors. The specifically bound anti- 
body was eluted 3 x with 200 ^1 of a 10 ' J M 
NIP-cap solution [(5-iodo-4-hydroxy-3-nitro- 
phenyl)acetyI-x-aminocaproic acid] from the NP- 
Sepharose or 3 x with 200 ^1 of 0.1 M glycin 
pH 2.8 and immediately neutralized with 0.1 vol 
1 M Tris-HCl pH 3.0 (for the Ls 136-Sepharose). 
The eluate was concentrated by ultrafiltration, 
desalted by washing with 1 vol water and total 
volume was reduced to about 10 /il. The same 
volume of 2 x SDS-sample buffer was added and 
the sample loaded onto a western gel and analyzed 
as described above. 

Immunogold labeling 

Plant tissue was prepared following the high-pres- 
sure freezing method in combination with freeze 
substitution and low-temperature embedding in 
Lowicryl HM 20 as described elsewhere [23]. 
Immunocytochemistry followed the same proto- 
col but with some modifications. In some cases an 
additional blocking agent (3% newborn calf 
serum) was introduced in the preincubation step. 
Antibodies used for immunogold labeling were 
polyclonal biotinylated ami- A, monoclonal Ls 136 
and biotinylated Ls 136 for detection of the light 
chain and monoclonal Ac 38 for detection of the 
assembled B 1-8 antibody. Two systems were 
used for detection: either direct incubation of the 
first antibody with colloidal gold-adsorbed Pro- 
tein A (Auroprobe EM Protein A,G 10, Janssen, 
Beerse, Belgium) for polyclonal antibodies and 
colloidal gold-adsorbed goat anti-mouse IgG 
second antibody (Auroprobe EM Goat anti- 
mouse IgG.G 10; Janssen, Beerse, Belgium) for 
monoclonal antibodies or colloidal gold-adsorbed 
streptavidin (Auropobe EM Streptavidin,. G 10, 
Janssen, Beerse, Belgium) for all biotinylated 
antibodies. In the case of Ac 38 a biotinylated 
goat anti-mouse IgG second antibody was used to 
enter the streptavidin system. 



Results 

Integration of chimeric immunoglobulin genes into 
tobacco plants 

The chimeric plant signal peptide light- and heavy- 
chain genes (Fig. lb and c) were cloned into a 
single plasmid (pSR4-3, Fig. la). This vector is 
derived from the plant selection-expression vector 
pAP 2034 [4 1 ]. The chimeric light-chain gene was 
integrated into the single Sal I cloning site next to 
the 1 ' position of the pT R dual promoter. The 
chimeric heavy -chain gene was set under the con- 
trol of the pNOS promoter. Both promoters 
derive from the Agrobaaerium illume facie ns 
T-DNA. The plasmid pSR 4-3 was integrated 
into the modified Ti-plasmid pGV|.850 [45] by 
homologous recombination. By leaf fisk infection 
followed by selection on kanamyciri-the chimeric 
genes were stably integrated into th r e genome of 
Sicotiana tabacum. Integrity of the- transferred 
DNA was confirmed by Southern blotting (data 
not shown). The functionality of the dual pro- 
moter in transgenic plant tissues was confirmed 
by testing for activity of the NPT II|ene [31, 35] 
present in the T position of the dual promoter 
(data not shown). f: 

Detection of immunoglobulin chains and assembled 
antibodies by affinity chromatographyfand immuno- 
blotting % 

For detection and characterization of the mono- 
clonal antibody B 1-8 a set of different anti- 
antibodies was used (Table 2). Apart from the 
polyclonal antibodies interacting specifically with 
light or heavy chains, several monoclonal anti- 
idiotype antibodies are available [32]. Ls 136 
recognizes the lambda light chain individually as 
well as in the assembled antibody. The idiotope is 
determined only by the light chain. A c 38 can be 
used to detect the correct assembly within plant 
cells because the idiotope is formed by parts both 
of V H and V L domains. The idiotope is not part 
of the antigen binding site but located closely to 
it. No interaction of Ac 38 does occur with iso- 
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lated light or heavy chains. The idioiope is 
presumably located within the hypervariable 
regions. All the six hypervariable regions of B 1-8 
form a cavity around the NP-binding site. 

By 'tissue printing' [10] presence of light and 
heavy chain as well as the assembly to intact 
antibodies was indicated using different poly- 
clonal and monoclonal anti-antibodies." Callus 
tissue derived from leaves of transformed plants 
was used for analysis because activity of both 
promoters was shown to be highest in calli (K. 
During, unpublished results). In transformed 
tissue the blue color of the enzymatic reaction 
overlaid the light-green color originating from 
chlorophyll partially fixed to the filters. Using 

t nt 
a 4 



b ft 



c * 




Fig. 2. Tissue printing' of callus tissue regenerated from 
transformed tobacco plants as described in 'Materials and 
methods'. Weak stainings in the control experiments are due 
to tight-green color originating from chlorophyll in contrast 
to the dark staining of the blue NBT BClP-substrate precipi- 
tate in printings from transformed tissue, a. Detection of 
light chain with biotinylated polyclonal anti-A antibody. 

b. Detection of light chain with monoclonal Ls 136 antibody. 

c. Detection of heavy chain with polyclonal anti-mouse IgM 
antibody, d. Detection of assembled antibody with monoclo- 
nal Ac 38 antibody (t: transformed tissue, nt: wild-type (non- 
transformed) tissue as control). 



polyclonal ami-/. (Fig. 2a) and monoclonal Ls 136 
tFig. 2b) the presence of light chain and using 
goat anti-mouse IgM (Fig. 2c) the presence of 
■heavy chain in transgenic callus tissue was dem- 
onstrated. The specific binding of Ac 38 (Fig. 2d) 
to the plant proteins adsorbed to the membrane 
indicates assembly of both chains to structurally 
intact antibodies providing the correct tertiary 
structure of the idiotope formed by both chains. 

Western blotting using crude protein extracts 
was successful only in the case of callus tissue. 
Detection by the polyclonal anti-A antibody- 
revealed synthesis and-processing of the chimeric ' 
precursor light chain (Fig. 3a). The observed , 
band migrated at the same position as purified 
B 1-8 light chain (which is the processed form )'.'/' 
No additional band providing a higher molecular* 
mass which could represent a precursor light;- 
chain could be detected. This suggests that / 
processing of the foreign light-chain precursor 
protein in plant cells is very efficient. ; 

Analysis of leaf tissue was performed after"' 
wounding and incubation for 5 days with 1.0 " 5 M ■ 
2,4-D and 10" 5 M Kinetin. This was done in.r 
order to obtain highest possible induced express 
sion rates for both foreign genes (K. Daririg;| 
unpublished results). Purification by affinity chro- 7 ; 
matography with the NP hapten applied to pro-| 
tein extracts from induced greenhouse plant-; 
leaves confirmed the presence of assembled-- 
B 1-8. Binding of the antibody produced in plant- 
cells to its antigen also implies its biological; 
activity. Plant material was extracted and totalf 
protein incubated with a NP-Sepharose affinity i 
gel. The binding affinity of B 1-8 to NiP (a related-i 
hapten; heteroclitic properties of B 1-8) is v 
higher than to NP (the original immunizing- 
hapten) [32]. Elution of the affinity gel with NiP' 
released bound antibodies which were then', 
loaded onto a denaturing western gel. The B 1-8 
light chain could be detected by the polyclonal 
anti-A antibody. This indirect analysis proves the 
functionality of the assembled antibody in plant 
extracts because isolated light chains do not inter- 
act with NP. 

Extraction of plant tissue with a pure PBS 
solution produced a cross-reacting band on the 
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5/?. i. a (top). Western blotting of transgenic tobacco tissue 
as described in 'Materials and methods', detailed description 
of experiments in 'Results'. Lane a: crude extract from callus 
regenerated from transformed leaf; lane b: crude extract 
from wild-type W38 callus; lane c: positive. control: purified 
B 1-8 protein, processed light chain; lane <z-c: all samples 
were extracted in denaturing SDS-sample buffer at 95 : C; 
detection of light chain with polyclonal ami-/, antibody; only 
processed light chain can be detected in transgenic tissue; 
lane d: demonstration of functionality of B 1-8 produced in 
induced transgenic greenhouse tobacco leaves by affinity 
chromatographic purification of the antibody with NP- 
Sepharose from plant PBS extract and subsequent denatur- 
ing western blotting; detection of light chain with polyclonal 
ami--* antibody; upper band shows processed light chain; 
lower band: non-specific cross reaction; lane e as lane d: 
negative control with wild-type W38 leaves; lanes f and g: 
analysis of 10 mM CHAPS-PBS extract from induced 
greenhouse leaves by affinity chromatographic purification of 
the antibody and subsequent denaturing western blotting; 
detection of light chain with polyclonal, anti-x antibody; 
lane f: isolation of light chain with Ls 136-Sepharose; lane g: 
demonstration of functionality of B 1-8 produced in trans- 
genic plant tissue with NP-Sepharose and detection of light 
chain; lane h and i as lanes f and g, respectively: negative 
controls with wild-type W38 leaves. 



blot slighily lower ihan light chain which is also 
present in the wild-type tissue control (Fig. 3a. 
lane d + e). Addition of the detergent CHAPS to 
the extraction bufTer prevented binding of this 
protein to the affinity gel but decreased band 
intensity on the blot (Fig. 3a t lane g -hi). Addi- 
tionally, the detection of light chain was confirmed 
by affinity chromatography from a CHAPS-PBS 
extract using the Ls 136 monoclonal antibody 
(Fig. 3a, lane f + h). Analysis of the blotting 
membrane (Fig. 3, laneg) by densitometer scan- 
ning corroborated the results obtained by eye 
visualization (Fig. 3b). Also in these experiments 
no precursor light chain could be detected. All 
bands detected were located at the same position 
as purified light chain. " 



Localization by electron microscopic immunogold 
labeling 

Callus and stem- tissue from transgenic tobacco 
plants induced by wounding and hormone appli- 
cation were analyzed ;by~ immunogold labeling at 
electron microscopic level following low-tempera- 
ture preparation [-23:].^Ultrathin sections from cal- 
lus tissue were ineubaVed with biotinylated Ls 136 
antibody and streptividin-gold. Labeling was 
detected as striking accumulations of 3 to 10 gold 
particles in the cytoplasm (Fig. 4c) which were 
not found in the -controls of wild-type tissue. 
Accumulation ofVseyeral gold particles is typical 
of the biotin/strepta>:idin enhancement technique. 
Sections from callus and induced stem tissue were 
labeled with the monoclonal Ac 38 antibody and 
detected by colloidal gold-adsorbed anti-mouse 
IgG antibody. Assembled B 1-8 antibody could 
be detected in the endoplasmic reticulum (Fig. 4a) 
and surprisingly also inside chloroplasts often 
localized at thyiakoid membranes (Fig. 4b; 
mostly 10-20 gold particles per chloroplast). 

b (bottom). Densitometer scanning of the western blotting 
membrane. Fig. 3 a lane g. Analysis was done on a LKB 
UltroScan XL laser densitometer (LKB, Bromma, Sweden); 
measurement without smoothing; the peak corresponding to 
the band at the size of mature processed light chain is indi- 
cated by an arrow. 
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Fig. 4. Immunocytochemical localization of light chain and assembled antibody in sections of callus and induced stern tissue 
from transgenic tobacco plants. For details of electron microscopy see "Materials and methods". 

A-C: transformed tissue; .-1: callus: labeled endoplasmic reticulum, detection of assembled antibody with monoclonal Ac 38 
antibody; inset: enlarged overview on the endoplasmic reticulum section at lower magnification: 8 : lowest stem, induced: labeled 
chloroplast. detection of assembled antibody with monoclonal Ac 38 antibody; C: callus: cytoplasmic labeling, detection of light 
chain with monoclonal Ls 136 antibody; D: wild-type stem tissue: cytoplasm with endoplasmic reticulum, labeled with Ac 38; 

no unspecific labeling detected: bars = 0.5 pm. 
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Controls did noi show any specific labeling. No 
labeling could be detected near or within cell walls 
or in the intercellular spaces, in the Golgi appara- 
tus or in secretory vesicles. Fine structure locali- 
zation will be continued. 

Assembly of the B 1-8 antibody in plant cells 
inside the endoplasmic reticulum is indicated by 
specific labeling. Detection of light chain in the 
cytoplasm without any corresponding labeling for 
assembled antibody suggests that part of the 
synthesized light chain is separated from the nor- 
mal secretory' pathway. 

Discussion 

Immunoglobulins are synthesized in mammalian 
cells as precursors, containing specific signal pep- 
tides. After transport to- the ER lumen these 
N-terminal extensions are cleaved off. The heavy 
chain is then glycosylated and Jight and heavy 
chains assemble to form intact antibodies. 

For expression and assembly of the immuno- 
globulin subunits we constructed chimeric genes 
containing a plant signal peptide- and. the struc- 
tural genes [13, 14]. A similar approach has 
already been taken, for secretion -of a chimeric T4 
lysozyme in transgenic plants [15, 23]. The barley 
a-amylase signal peptide effected; transport to the 
intercellular space. Using the'sarae signal peptide 
we expected to find the immunoglobulin chains 
within the ER lumen. Comparable experiments in 
£. coli and yeast have shown that assembly of an 
active antibody is possible ipbothorganisms only 
in the presence of signal, pep tides in the. foreign 
precursors [1, 24, 36, 43]..Our data provide evi- 
dence that light.and heavy chain are transported 
to the ER and that the subunits assemble within 
its lumen. 

Detection of the synthesis and assembly of the 
monoclonal B 1-8 antibody in transgenic tobacco 
cells was performed by immunological methods. 
Tissue printing and western blotting provided 
data showing synthesis of both immunoglobulin 
chains as well as processing of the chimeric pre- 
cursor light chain. The heavy chain could not be 
detected on western blots because of the lack of 



a specific and highly sensitive anti-antibodv. 
Assembly of the antibody could be shown by 
tissue printing using an anti-idiotypic antibody. 
Binding of B 1-8 produced by plant cells to its 
Sepharose-bound hapten (NP) indicates 
functional activity. The bound antibody can be 
released by a related hapten (NiP) because B 1-8 
shows heteroclitic properties. Detection of the 
light chain in this eluate demonstrates the pres- 
ence of a functional antibody within plant cells. 
Individual light chains do not interact with the NP 
hapten [32]. Assembly of light and hea\-y chains 
in the ER is indicated by imraunogold labeling 
using the Ac 38 anti-idiotypic antibody. Glyco- 
sylation of the heavy chain has not been investi- 
gated because of insufficient sensitivity. 

Assembly of a stable active antibody involves 
formation of intramolecular disulfide bonds. This 
should be greatly facilitated in the endoplasmic 
reticulum because of : the presence of disulfide 
isomerase. As described for a eucaryotic protein 
expressed in a prpcaryotic cell, the bacterial 
periplasmic space corresponding to the 
eucaryotic endoplasmic reticulum in the secretory 
pathway provides an environment facilitating for- 
mation of disulfide bridges since both compart- 
ments are involved in theTirst step of protein 
export. Spatial concentration within the ER may 
promote assembly, to *an active antibody. In addi- 
tion, the important role of chaperonins such as 
BiP in protein folding 'and assembly is currently 
to be elucidated [6- 12, 19, 20, 26, 34]. Most 
probably ■ similar plant .chaperonins can be 
expected also in the ER but not in the cytoplasm. 
All these factors- may be* important in producing 
multimeric proteins, as -antibodies in transgenic 
plants. Nevertheless, in mouse cells the assembly 
of B 1-8 antibody lacking any signal peptide was 
obtained cytoplasmically although with very low 
efficiency [3]. 

Immunogold labeling at electron microscopic 
level provided additional data for the localization 
in the transgenic tissue. Binding of monoclonal 
Ls 36 antibody in the cytoplasm has to be due to 
the presence of individual light chains since no 
corresponding labeling could be found for an 
assembled antibody. This labeling may represent 



) 



THIS PAGE BLANK (uspto) 



291 



a part of the light chain aborted fromthe secretory 
pathway. Garcia et ai [16] described an analo- 
gous phenomenon for the precore protein of hepa- 
titis B virus. About 70-80 ° 0 of the protein were 
found in an in vitro experiment in the cytosolic 
fraction although the signal peptide had been 
cleaved off implying a release of the processed 
protein from the endoplasmic reticulum. Immuno- 
globulin light chain may be produced in excess in 
relation to the heavy chain in transformed tissue 
because of higher promoter activity of the dual 
promoter directing the chimeric light-chain gene. 
Therefore pan of the light-chain molecules 
always may remain unbound. 

Localization of assembled antibodies in chloro- 
plasts was detected unexpectedly. Significant 
amounts of gold particles were, found, with the 
monoclonal Ac 38 antibody.anside "these organel- 
les. Control experiments with*w:ild-type tissue did 
not show unspecific labeling. No convincing ex- 
planation can be given at the actual knowledge. 
No features of these engineered proteins were 
expected to direct an import of assembled anti- 
body or individual immunoglobulin chains into 
chloroplasts. Therefore we can riot .decide whether 
an import occurred or if otherreasons'cause.this 
specific labeling. Immunogold labeling of trans- 
genic tobacco tissue secreting ^chimeric T4 lyso- 
zyme fused to the same a-amy t ta^-.sign ah peptide 
revealed an unexpected-* localization of 'lysozyme 
in proplastids [15]. Elucidation of .possible corre- 
lations requires further analysis^ - ■- 

No other labelings characterizing th'e-secretory 
pathway or showing a fin ail- 'localization of the 
assembled antibody or its individual 'chains were 
found yet. Further fine structural 'analysis" at elec- 
tron microscopic level is under work. 

In conclusion, the experiments described here 
provide, evidence for the synthesis, insertion into 
the endoplasmic reticulum and assembly of 
immunoglobulin light and heavy chains as well as 
for the biological activity of the produced mono- 
clonal antibody. Fusion of the immunoglobulin 
chains to a piant signal peptide may be the essen- 
tial factor for production in transgenic" plants 
when reviewing the actual state of knowledge con- 
cerning biosynthesis of antibodies in lymphoid 



cells. Expression of monoclonal antibodies in 
plants might be of importance in basic as well as 
in applied plant research. 

In a paper just published by Hiatt et ai [22] a 
very similar approach for expression and assem- 
bly of a monoclonal antibody in transgenic plant 
tissue was described. ' In this case the natural 
mammalian signal peptides of light and heavy 
chains were used instead of a plant originating 
signal peptide. Analogous constructions without 
any signal peptide were also tested but only very- 
low levels of single chains and no assembly could 
be detected in transgenic plant tissue. It was 
reported thatexpression of both precursor coding 
cDNAs in one plant resulted in formation of high 
levels of assembled . .antibodies. Data were 
obtained by ELISA and non-denaturing western 
blotting but not by affinity chromatography. The 
two chimeric genes wererfirst introduced individu- 
ally into different tobacco plants and then com- 
bined by sexual crossing. Parental plants express- 
ing only one chain showed low levels of foreign 
protein. Fl plants expressing both chains revealed 
high levels of assembled antibodies. As RNA 
levels in all these plants were not significantly 
different light- and heavy-chain proteins have to 
be stabilized by aggregation. 

Both strategies .to- assemble active monoclonal 
antibodies in transgenic plants were successful. 
Therefore we can conclude that the most impor- 
tant factor is the presence of a signal peptide fused 
to the mature light- and heavy-chain proteins and 
not its origin. In addition to the work described 
by Hiatt et ai. we could; ; demonstrate purification 
of the functional assembled antibody by affinity 
chromatography and .localization by electron 
microscopic immunogold labeling. It was dem- 
onstrated that assembly indeed occurs in the 
endoplasmic reticulum also in transgenic plants. 
Both approaches may be useful also for assembly 
of other multimeric foreign proteins in plant 
tissue. 
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